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Abstract 
 

Prokaryotes (Bacteria and Archaea) and phytoplankton have been widely investigated in 

terms of taxonomy, physiology, metabolism and their role in biogeochemical cycles, 

however, the relationship with one another is still little known. Phytoplankton can interact 

with free- living (FL) prokaryotes but can also maintain particle- attached (PA) prokaryotes 

on their surface, facilitating exchanges in the region surrounding their cells, the phycosphere. 

In this study, prokaryotic community structures of both PA and FL were determined with 

the hypothesis that the interaction is not casual but based upon processes linked to the 

physiology and characteristics of the living particles. In order to obtain a detailed 

morphological and taxonomical identification of FL and PA prokaryotes, High Throughput 

16S rRNA gene Sequencing and Scanning Electron Microscopy were used as main tools. In 

the first part of the thesis, the prokaryotic community composition was analyzed in diatom 

cultures, based upon growing evidence that many diatom species rely on mutualistic 

interactions with their microbiota. Skeletonema marinoi, known to produce PUAs 

(PolyUnsaturated Aldehydes) and the non PUA-producing Skeletonema tropicum were used 

to understand if the diatom-attached prokaryotic communities present host-specificity also 

in relation to the presence or absence of secondary metabolites. In the second and third part 

of the thesis, the temporal and spatial scales of FL and PA prokaryotes distribution and 

diversity were investigated in situ to also understand the environmental drivers regulating 

them. Generally, PA and FL prokaryotes accommodate significantly divergent communities, 

especially when analyzed at a fine taxonomic level, in relation to the origin and abundance 

of particles. All the data together provide a clear and comparable assessment of PA and FL 

prokaryotic diversity, at different sites and under different conditions, making a significant 

contribution to the field of marine microbial ecology for a better definition of marine 

microbiome and its potential functional role. 
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General introduction 
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1.1 The invisible life of the sea: marine microbes 

Over 70% of the Earth’s surface is covered by the oceans and within this ecosystem, 

composed of a diverse array of life forms, ≈70% of all living biomass is microbial (Bar-On 

et al. 2018). Indeed, all marine environments, ranging from the warm and sunlit upper ocean 

to the cold, dark and anoxic deep-sea floor, and from the tropics to the poles, are teeming 

with microbial life (Seymour, 2014). Microbes are at the base of the marine food webs and 

represent the engine that drives the ocean’s major biogeochemical cycles (Azam and 

Malfatti, 2007; Falkowski et al. 2008; Zehr and Kudela, 2011), therefore providing essential 

life-sustaining support. Photosynthetic marine microbes are responsible for approximately 

half of global primary production and heterotrophic bacteria are fundamental players in 

biogeochemical transformation of main elements. 

The term “microbes” includes all organisms smaller than about 0.1 mm. Microbes 

exist in all three domains of life: Bacteria, Archaea and Eukarya. The first two domains, 

Bacteria and Archaea, consist entirely of microscopic single-celled organisms. The third 

domain, Eukarya, includes many microscopic organisms but also contains well-known 

multicellular groups such as animals, plants, and fungi. In 1990, Woese et al. proposed a 

universal tree of life based on the small subunit 16S rRNA which divided life on Earth into 

the three distinct domains. These domains exhibit enormous phylogenetic and physiological 

diversity, more than any other organism type (Pace, 1997). Therefore, their community 

structure and the activity of each taxon within these communities is vital to the way ocean 

ecosystems function (Fuhrman, 2009). Recently, Hug et al. (2016) proposed a new “tree of 

life” (Fig. 1.1) which includes 92 bacterial phyla, 26 archaeal phyla and all five of the 

Eukaryotic supergroups. 
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Figure 1.1 A recent view of the tree of life showing the three domains; Bacteria, Archaea and Eukarya 
(Hug et al. 2016). 

The first inhabitants on Earth appeared 3.5 to 3.8 billion years ago (Gy), probably 

prokaryotic thermophiles capable of living in a methane and sulfur atmosphere, crucially a 

life without oxygen (Gribaldo and Brochier-Armanet, 2006; Sleep, 2010). Therefore, life on 

Earth originated and diversified in anoxic environments (Fischer, 2016). The reservoir of 

oxygen in the Earth's atmosphere stems from cyanobacterial photosynthesis (Fischer, 2016), 

which started ca. 2.7–2.5 Gy and was complemented with a contribution from eukaryotic 

algae starting ca. 1.5 Gy (Javaux et al. 2018). Recent studies indicate that O2 reached present 

levels, 21% [v/v] in the atmosphere only following the origin of land plants, roughly 450 

million years ago (Lenton et al. 2016; Krause et al. 2018). 
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1.2 Marine bacteria and their ecological role 

While invisible to the naked eye and thus somewhat intangible (Timmis et al. 2019), 

the abundance (~1030 total bacteria and archaea) (Flemming et al. 2019) and diversity of 

microorganisms underlie their role in maintaining a healthy global ecosystem: the microbial 

world constitutes the life support system of the biosphere (Cavicchioli et al. 2019). In fact, 

they drive many of the underlying processes of the geochemical macro- and micronutrient 

cycles, by the remineralization or channeling of organic matter via the microbial loop (Azam 

et al. 1983). Although bacteria and archaea share many morphological, structural, and 

metabolic attributes, a closer inspection reveals many of their genes are more similar to 

complex life, like animals (Spang et al. 2015). The evidence of the close relationship 

between the Archaea and the Eukarya came when scientists analyzed the nucleotide 

sequences of molecules called ribosomal RNA (rRNA). All organisms tested from Eukarya 

and Archaea had a particular sequence in common, and none of those tested from Bacteria 

had this sequence (Eme et al. 2017). Therefore, even though Archaea were put together with 

Bacteria, the molecular evidence reveals that they are largely separated. 

Marine bacteria constitute a large domain of prokaryotic microorganisms. 

Prokaryotes have kept a simple cell organization, with an uncompartmented cytoplasm 

without membrane-bound organelles, a primitive cytoskeleton (Shih and Rothfield, 2006). 

Cell division in prokaryotes is entirely asexual, generally through binary fission. The circular 

DNA molecule first replicates, each copy attaches to a different region of the membrane, and 

the cell divides into two genetically identical daughter cells. There are mechanisms of 

genetic transfer between cells unrelated to reproduction (such as conjugation, transformation 

and transduction) that, when involving homologous recombination among closely related 

lineages, could lead to a type of sexual speciation (Fraser et al. 2007). Genetic exchanges 

also occur among individuals from distant lineages, resulting in horizontal gene transfer, 

which has transformed our view of prokaryote diversity and evolution (Doolittle and Papke, 

2006). Prokaryote genomes are typically composed of a core set of vertically transmitted 

genes and a flexible set of horizontally transmitted genes, often related to ecological 

adaptations and located in genomic islands (Dobrindt et al. 2004). Bacterial genomes, in 

contrast to eukaryotic genomes, usually maintain constant genome sizes (Hou and Lin, 2009; 

McInerney and McNally, 2017), suggesting that while horizontal gene transfer (HGT) 

increases the genome size by adding new genes, selection maintains the genome size by 

removing deleterious, non-functional or non-useful genes (Kuo and Ochman, 2009; Morris 

et al. 2012; Mas et al. 2016). Therefore, bacteria can present very different genomic 

compositions even within a species, with HGT creating a flexible genome and natural 
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selection purging or maintaining it (Tettelin et al. 2005; McInerney and McNally, 2017). 

This genome flexibility aids colonization of new habitats, the spread of antibiotic resistance, 

and adaptation to fluctuating selection (Niehaus at al. 2015). 

Bacteria, for their fast growth rates, numerical abundances and high functional 

diversity are considered direct, sensitive indicators of ecosystem status and change (Paerl et 

al. 2002). They mediate vital ecosystem processes such as primary production, 

decomposition, nutrient cycling, climate regulation, carbon storage, disease propagation, 

and pollutant transformation (Ducklow, 2008; Giller et al. 2004). Bacteria are also 

fundamental players in any ecosystem, as they made useful adaptations in their genetic and 

metabolic machinery to have the abilities to thrive in extreme and dynamic conditions. In 

addition to tropical, subtropical and temperate environments, microbes exist in extreme 

temperature, pressure and UV radiation environments. These organisms are called 

extremophiles. These microbes or their metabolites are exceptional and can perform 

exclusive tasks in nature which are also exploited at industrial level. For example, they can 

provide stable enzymes at extreme temperature and pressure, can be used for biodegradation 

and bioremediation purposes in extreme habitats, as source of biofuel and bioenergy, or of 

specialized pigments for solar cells able to work in extreme conditions such as polar caps 

and so on (Arora and Panosyan, 2019). In general, bacteria have been recognized as rich and 

untapped sources of not-yet-known genes, bioactive compounds and metabolic pathways 

(Zhang, 2005; Casas et al. 2007; Heidelberg et al. 2010). Furthermore, several studies have 

shown the involvement of bacteria in the treatment of organic pollutants including oil, 

acetonitrile, phenol, naphthalene, benzopyrene, dibenzofuran, azo compounds, among 

others (Mahdavi et al. 2015; Muñoz and Guieysse, 2006; Subashchandrabose et al. 2013). 

They are also known to degrade refractile compounds including plastic (Xing-ming et al. 

1982; Lin et al. 2009). 

Bacteria are recognized as an important energy and carbon sources in marine pelagic 

systems (Pomeroy, 1974). Pomeroy revolutionized our concepts of the ocean’s food web by 

proposing that microorganisms mediate a large fraction of the energy flow in pelagic marine 

ecosystems. Before 1974, bacteria and protozoa were not included as significant components 

of food web models. Pomeroy argued forcefully that heterotrophic microorganisms, the 

"unseen strands in the ocean’s food web," must be incorporated into ecosystem models 

(Azam et al. 1994). Their role as remineralizers of organic matter and as nutrient recyclers 

has been recognized after the formalization of the concept of “microbial loop” advanced by 

Azam et al. (1983). This consists of a microbial carbon and energy pathway, alternative to 

the traditional food chain in the ocean, in which prokaryotes play a key role remineralizing 
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the large oceanic dissolved organic matter (DOM) pool, through bacterial respiration, and 

making available a significant part of this DOM to higher trophic levels, through bacterial 

secondary production. A large fraction of the organic matter in the ocean is synthesized by 

primary producers and appears in the form of dissolved organic matter (DOM) which is 

taken up almost exclusively by bacteria. Most of the DOM is respired to carbon dioxide and 

a fraction is assimilated and re-introduced into the classical food chain (phytoplankton to 

zooplankton to fish) (Azam and Malfatti, 2007). The action of bacteria on organic matter 

plays a major part in carbon cycling through DOM. It therefore influences the air–sea 

exchange of carbon dioxide, carbon storage through sinking and carbon flux to fisheries 

(Fig. 1.2). 

 
Figure 1.2 Microbial structuring of a marine ecosystem (Azam and Malfatti, 2007). 

The microbial loop is, therefore, a side and complementary circuit to the classical 

trophic chain, in which the energy released by the phytoplankton as DOM is returned, 

through the bacteria-flagellar-microzooplankton circuit, to the main trophic chain. The idea 

of a ‘microbial loop’ in marine food webs was reinforced by another paper the same year by 

Ducklow (1983). Ducklow reviewed the basis for the importance of heterotrophic microbes, 

bacteria and protists in marine ecosystems. He also presented a simple block diagram which 

clearly identified the microbial side of the food web outlined in Pomeroy (1974) as a three-

step pathway from heterotrophic bacteria to bacterivorous protists (mainly flagellates), to 

larger protists (mainly ciliates) which consumed the bacterivores. Ducklow’s figure stressed 

that a multi-step pathway between heterotrophic microbes, and not simply degradation of 

organic matter by bacteria, was necessary for regeneration of inorganic nutrients for 
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phytoplankton production. He also demonstrated that the ‘microbial loop’ was mainly a sink 

for organic carbon, with virtually all of the organic matter that flowed through the loop being 

lost from the food web as respiratory carbon dioxide (Fig. 1.3). In recent years, the microbial 

loop has been expandent to viruses. Isolation of bacteriophages directly from coastal and 

pelagic seawater (Moebus, 1980) and observation of high viral abundances in marine 

plankton (Torrella and Morita, 1979; Bergh et al. 1989; Proctor and Fuhrman, 1990) and 

sediments (Paul et al. 1993; Danovaro and Serresi, 2000; Hewson et al. 2001a,b), raised 

interest in their biogeochemical and ecological roles in the marine environment (Fuhrman, 

1999; Wommack and Colwell, 2000). Viruses impact the mortality rates of marine 

prokaryotes and eukaryotic algae (Proctor and Fuhrman, 1990; Suttle, 1990), releasing 

cellular material from infected hosts into the environment. This release of lysis products 

from all trophic levels as dissolved organic matter (DOM) and particulate organic matter 

(POM) has been termed the viral shunt (Wilhelm and Suttle, 1999). The viral shunt refers to 

the movement of C and nutrients from organisms to the DOM and the POM pools catalyzed 

by viral infection and lysis (Suttle, 2005). Viruses infect both phytoplankton and bacteria, 

and lyse their hosts to release DOM and POM, which affect nutrient availability and the 

fluxes of C, N and P and their recycling processes in aquatic environment. 

 
Figure 1.3 Simplified box model diagram of the microbial loop concept redrawn from Ducklow 
(1986). 
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Therefore, marine bacteria are a significant component of the microbial food 

web (Cole, 1999) and they are the dominant drivers of biogeochemical cycling of the 

life essential elements such as carbon, nitrogen, oxygen, and sulphur, and are known 

to convert them into forms accessible to all other marine organisms (Whitman et al. 

1998; Karl, 2007; Kirchman, 2008). They are the major pool of total microbial carbon 

and nitrogen in the euphotic zone and they constitute 20 to 40% of primary 

production in the water column of freshwater and marine ecosystems (Cole et al. 

1988; Ducklow et al. 1993). 

 

1.3 Bacteria in the “phycosphere” 

Much of the suspended organic and inorganic matter in aquatic systems exists as 

aggregates, which range from a few microns to many centimeters in size. An aggregate may 

occur in different forms and sizes (Alldredge, 1979; Alldredge and Cox, 1982; Fowler and 

Knauer, 1986; Alldredge and Silver, 1988) and three size classes are distinguished: 1) 

macroscopic aggregates >500 μm (macroaggregates, marine snow, lake snow), microscopic 

aggregates 1 to 500 μm (microaggregates), and submicron particles <1 μm (Koike et al. 

1990; Wells and Goldberg, 1991). Macroscopic aggregates of detritus, living organisms and 

inorganic matter are known as “marine snow” and are fundamental in the ocean because they 

are considered both as unique, partially isolated microenvironments and as transport agents: 

much of surface-derived matter in the ocean flows to the ocean interior and the sea floor as 

marine snow (Alldredge and Silver, 1988). Microaggregates often appear quite similar to 

macroaggregates, composed of inorganic and organic particles, which are the main 

component of suspended particulate matter (SPM) in shallow and turbid aquatic systems 

(Zimmermann and Kausch, 1996; Crump and Baross, 2000; Simon et al. 2002). They play 

an important role in biological, transport and sedimentation processes of organic and 

inorganic particles (Grossart and Simon, 1998; Simon et al. 2002). They are also a highly 

dynamic microhabitat for bacteria and other microorganisms (Zimmermann, 1997). 

The important role of aggregates of various size in marine planktonic ecosystems is 

increasingly being recognized (Newell et al. 1981; Goldman 1984; Biddanda, 1985, 1986; 

Biddanda and Pomeroy, 1988). It has been hypothesized that bacteria and microzooplankton 

may establish a zone of enriched nutrients around the aggregates (Hoppe, 1981), and that the 

microorganisms maximize their position within such nutrient fields, leading to the formation 

of microbial clusters in the vicinity of such aggregates (Azam and Ammerman, 1984). 

Biddanda and Pomeroy (1988) have called this microenvironment the “detritosphere”, which 
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is similar to the “phycosphere” concept used by Bell and Mitchell (1972). The phycosphere 

would be defined as the microscopic region rich in organic molecules that surrounds 

phytoplankton cells (Fig. 1.4). This chemically enriched zone represents the key interface 

where tight interactions between algae and other organisms are controlled by exuded 

chemicals (Seymour et al. 2017). 

 
Figure 1.4 The phycosphere, defined as the region surrounding a phytoplankton cell that is enriched 
in organic substrates exuded by the cell, is an important microenvironment for planktonic aquatic 
bacteria (Seymour et al. 2017). 

The ‘phycospheres’ and ‘detritospheres’ represent micropatches of concentrated 

substrates that may be used as ‘microniches’ or hot-spots for pelagic bacterial processes. 

Recently, Zettler et al. (2013), also introduced the term “plastisphere” to describe 

communities of microbes growing as a thin layer of life (a biofilm) on the outside of plastic, 

one of the most abundant form of marine debris. 

Some of the most important relationship in aquatic environment concern the 

interactions between bacteria and phytoplankton. Much attention has been directed, during 

the years, towards the relationships between phytoplankton and bacteria (Rhee, 1972; Cole, 

1982; Bratbak and Thingstad, 1985; Danger et al. 2007), because, as primary producers and 

decomposers, they form the basis of aquatic ecosystems (Loreau, 2001), largely controlling 

pelagic energy flow and nutrient cycling. The relationships between both groups are 

complex, involving the exchange of cofactors, micronutrients, macronutrients, proteins, and 
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signaling molecules (Fig. 1.5). Aquatic heterotrophic bacteria obtain a large, albeit variable, 

fraction of their carbon demand directly from phytoplankton (Fouilland et al. 2013), with up 

to 50% of the carbon that is fixed by phytoplankton ultimately consumed by bacteria 

(Fuhrman et al. 2015). Bacterial consumption of phytoplankton-derived organic material 

primarily involves the assimilation of the large quantities of typically highly labile, dissolved 

organic carbon (DOC) released by phytoplankton cells into the surrounding water column 

(Larsson et al. 1979), but also includes consumption of more complex algal products (for 

example, mucilage and polysaccharides) (Piontek et al. 2011; Teeling et al. 2012), and 

senescent or dead phytoplankton biomass (Biddanda et al. 1988). In turn phytoplankton rely 

on bacteria to remineralize organic matter back to inorganic substituents that ultimately 

support algal growth (Cho and Azam, 1988; Worden et al. 2015). Moreover, when the supply 

of nutrients is low, phytoplankton growth is predicted to particularly benefit from bacterial 

delivery of regenerated nitrogen and phosphorus (Cole et al. 1982). Furthermore, evidence 

for the development of specific phytoplankton–bacteria interactions based on bacterial 

synthesis of vitamins (for example, vitamin B12) (Durham et al. 2015; Croft et al. 2005) and 

enhancement of micronutrient (for example, Fe) bioavailability (Amin et al. 2009) has begun 

to highlight the complex nature of the ecological links between these groups of aquatic 

microorganisms. 

 
Figure 1.5 Phytoplankton-bacteria interactions and exchanges. Interactions between phytoplankton 
and bacteria can range from the reciprocal exchange of resources required for growth (for example, 
nutrients and vitamins) to competition for limiting inorganic nutrients. POC, particulate organic 
carbon (Seymour et al. 2017). 
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These algal-bacterial interactions can be classified into several categories, including 

1) mutualistic, where both parties benefit; 2) commensal, where one party benefits; 3) 

parasitic, where bacteria negatively affect the health and growth potential of algae; or 4) 

pathogenic, which causes disease and/or death of the host (Joint, 2002; Mayali and Azam, 

2004; Grossart et al. 2005; Azam and Malfatti, 2007; Seyedsayamdost et al. 2011; Amin et 

al. 2012). Bioactive molecules are important mediators in these interactions (Fig. 1.6), but 

in many cases, they are not well understood or have yet to be identified (Labeeuw et al. 

2017). 

 
Figure 1.6 Model of interactions between bacteria and microalgae mediated by bioactive molecules. 
Host algal cell with cell wall (black outline), chloroplasts (chl) and nucleus (nu). The phycosphere 
is depicted in green around the algal cell, representing the algal exudates. Bacteria (pink) are depicted 
around the algal cell, both attached and free-living (Labeeuw et al. 2017). 

Once in the phycosphere, beneficial bacteria that produce metabolites essential to 

phytoplankton (Mayali et al. 2011) may gain an advantage by switching their free-living, 

planktonic lifestyle in bulk seawater to a surface-attached state on phytoplankton cells. On 

the other hand, opportunistic bacteria benefit from phytoplankton-derived DOM without 

providing apparent benefits to phytoplankton hosts (Mayali and Doucette, 2002). Compared 

to free-living cells, surface-associated cells have greater access to phytoplankton nutrients 

and gain protection against toxins, antibiotics, and other environmental stressors by forming 

a biofilm (Jefferson, 2004; Samo et al. 2018). 
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1.4 Diatoms in the “phycosphere” 

Diatoms (Bacillariophyceae) are key members of the phytoplanktonic communities 

across the world’s ocean and they are among the most productive and ecologically relevant 

unicellular algae on Earth. They are a fundamental link in global biogeochemical cycles, 

contributing up to 20% of the total primary production on Earth (Field et al. 1998) and being 

key players in oceanic silica cycling. Their high genetic diversity and adaptive potential 

allowed them to diversify into hundreds of genera and over 100,000 species, occurring in 

freshwater, marine, and soil habitats globally (Malviya et al. 2016), of which approximately 

only 12,000 are currently described (Alverson, 2008; Guiry, 2012; Mann et al. 2013). This 

phytoplankton group thrives in coastal waters and produce episodical blooms. During these 

blooms, diatoms release several organic compounds into the environment. Two main types 

of organic molecules known to be released by diatoms are the polyunsaturated aldehydes 

(PUA) and exopolymeric substances (EPS). 

EPS can spontaneously form particles called transparent exopolymeric particles 

(TEP) (Bartual et al. 2017). In nature, TEP concentration increases during diatom blooms 

(Passow 1994; Mari and Kiørboe, 1996; Ramaiah et al. 2001; Prieto et al. 2006) and is 

mainly related to phytoplankton abundance in the upper mixed layer (Ortega-Retuerta et al. 

2009). This compound is abundant in the ocean and favors particle aggregation (Logan et al. 

1995; Passow and Alldredge, 1995; Prieto et al. 2002; Engel, 2004). This aggregation is 

especially significant after bloom episodes when peak phytoplankton and bacterial 

abundance is followed by nutrient deprivation. Resource limitation at the end of blooms, 

promotes significant episodes of cell death and the release of intracellular substances, 

contributing to a peak of DOM of variable chemical composition that could act as TEP 

precursors (Passow, 2000; Meng et al. 2013; Bar-Zeev et al. 2015). Active diatoms may use 

TEP to attract certain types of bacteria, which recognize the presence of the diatom and 

initiate attachment to TEP, which may also act as a nutrient source for bacteria (Amin et al. 

2012). Several strains of bacteria have been found to influence TEP production when added 

to bacterium-free culture of the diatom Thalassiosira weissflogii. These bacteria attach to 

the diatom and subsequently induce diatom cell aggregation. The mechanism appears to be 

highly dependent on the identity of the bacteria (Gärdes et al. 2011). 

Bacteria may also produce TEP (Decho, 1990; Azam et al. 1994; Stoderegger and Herndl, 

1999; Grossart et al. 2006a) and could play a crucial role in determining the sticking 

efficiency of algal cells using enzymes and extra-cellular products (Smith et al. 1995; 

Alderkamp et al. 2007). Grossart et al. (2006b) showed that heterotrophic bacteria influence 
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the development and aggregation of marine diatoms such as T. rotula and Skeletonema 

costatum. 

One kind of substances released as a consequence of diatom cell death are 

polyunsaturated aldehydes (PUA). Polyunsaturated aldehydes (PUAs) have received 

particular interest and different ecological roles for them have been proposed. The release 

of PUAs had been previously excluded for intact cells (Pohnert, 2002) and considered only 

as a mechanism of chemical defence against grazers (Miralto et al. 1999; Caldwell, 2009). 

Deleterious effects on different plankton species (Ianora et al. 2003; Ribalet et al. 2007b; 

Ianora and Miralto, 2010; Romano et al. 2010) and changes to bacterial community structure 

or diversity (Balestra et al. 2011; Paul et al. 2012) have also been reported. However, it has 

been recently observed that Skeletonema marinoi cells release PUAs from intact cells 

immediately before the declining phase of growth, suggesting an infochemical role of PUAs 

as it may occur during blooms (Vidoudez and Pohnert, 2008). In support of the idea of an 

infochemical role of PUAs in mediating cell-to-cell signalling, it has been demonstrated that 

the marine diatom Phaeodactylum tricornutum can sense the aldehyde decadienal and use it 

as a signalling molecule to control diatom population size through mechanisms involving 

programmed cell death (Vardi et al. 2006). PUAs have also been shown to act as 

allelochemicals by inhibiting the growth of different phytoplankton species, thereby possibly 

conveying an ecological advantage to PUA-producing phytoplankton species compared to 

non-producing ones (Ribalet et al. 2007a). In particular, PUA production in Skeletonema 

marinoi has been reported to increase with ageing of the culture and nutrient limitation, 

suggesting that there is a link between PUA production, physiological conditions of the cell 

and nutrient stress (Ribalet et al. 2007b). The main implications of these studies are that 

during final stages of blooms, when environmental conditions (mainly nutrients) become 

limiting, stress could act as a signal triggering cell death (Ribalet et al. 2007b). Then, PUAs 

released from intact cells could act as regulatory mechanism and play a role in cell-to-cell 

signaling. 

PUAs can also affect the marine bacteria that are among the most exposed organisms to 

these toxic products released by diatoms. Ribalet et al. (2008) showed that PUAs induce 

different effects on cultured marine bacteria belonging to different taxonomical groups: 

growth inhibition at high concentrations, no effect or even growth enhancement, probably 

using these compounds as carbon sources. Pepi et al. (2017) have recently demonstrated that 

the toxic effect on bacteria is mediated by conformational changes in their lipid membrane 

composition. These studies support the hypothesis that PUAs release during phytoplankton 

cell lysis is an important factor driving the dynamics of plankton and may help shape 
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microbial community composition in the oceans (Ribalet at al. 2014), including that of 

bacteria (Balestra et al. 2011). 

 

1.5 Particle-attached and free-living bacteria 

Depending on their relation with the particulate organic and inorganic matter present 

in the environment, bacteria have been classified into two types of communities: free-living 

(FL) or attached to particles (PA) (Crump et al. 1999; Simon et al. 2002; Mestre et al. 2017a). 

PA and FL bacteria differ in cell abundance, morphology, and metabolic activity (Pulido-

Villena et al. 2014; Simon et al. 2002). PA may have very high local concentrations 

compared to FL bacteria (Fernández-Gómez et al. 2013) and also provide nutrition for 

macroscopic filter feeders (Prieur et al. 1990). However, FL bacteria are always more 

abundant than PA bacteria in diverse marine (Ghiglione et al. 2007) as well as freshwater 

ecosystems (Grossart et al. 1998). PA bacteria are generally bigger and more active on a per-

cell basis than FL bacteria, presumably due to the more favorable nutritive conditions than 

those in the surrounding water (Simon et al. 2002) and present specialized metabolisms 

characterized by high rates of extracellular enzyme activity (Karner and Herndl, 1992; Smith 

et al. 1992), prokaryotic production (Kirchman and Mitchell, 1982) and respiration (Grossart 

et al. 2007). They need specific adaptations to be able to attach to the surface of particles 

and degrade organic matter compounds (Bauer at al. 2006). In contrast, FL microorganisms 

tend to have smaller genomes, which means less metabolic flexibility (Smith et al. 2013), 

adapted to low substrate concentrations, with high expression of membrane transporter genes 

(Satinsky et al. 2014), and tend to exhibit motility (Mitchell et al. 1995; Fenchel, 2001; 

Grossart et al. 2001). 

The PA and FL communities have been reported to contain different groups of 

microbial lineages in various marine environments including coastal or surface water (Mohit 

et al. 2014; Zhang et al. 2016), bathypelagic water (Wilkins et al. 2013; Salazar et al. 2016; 

Milici et al. 2017) or even in the extreme depths of hadalpelagic habitats (> 6000 m) (Eloe 

et al. 2011b; Tarn et al. 2016). The PA fraction is relatively enriched in members of 

Gammaproteobacteria, Verrucomicrobia, Bacteroidetes, Firmicutes and Planctomycetes 

(Azam and Malfatti, 2007; Milici et al. 2016; Salazar et al. 2016; Suter et al. 2018), while 

the FL assemblages are often populated by members of Alphaproteobacteria (SAR11 clade 

or Pelagibacter) and Deferribacteres (DeLong et al. 1993; Crespo et al. 2013; Milici et al. 

2017). Two heterotrophic bacterial phyla, Proteobacteria (i.e., Roseobacter and 
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Sulfitobacter) and Bacteroidetes (i.e., Cytophaga and Flavobacterium), appear to be 

consistently associated with diatoms (Guannel et al. 2011; Amin et al. 2012). However, 

significantly overlapped compositions of PA and FL microbial communities have also been 

reported in a few studies (Hollibaugh et al. 2000; Ghiglione et al. 2007; Ortega-Retuerta et 

al. 2013; Rieck et al. 2015; Liu et al. 2018a). Actually, most members of the PA and FL 

clades are generalists which might switch their lifestyles via attachment and detachment to 

particles (Crespo et al. 2013; Li et al. 2015). PA bacteria must be capable of surviving freely 

in the water column to be able to colonize new particles (Pedros-Alio and Brock, 1983; 

Ghiglione et al. 2007; Mestre et al. 2018) and therefore they will contribute, at particular 

times, to the FL bacterial community. This fact will influence the degree of similarity 

between PA and FL bacterial communities. Some studies suggest that Alphaproteobacteria, 

Gammaproteobacteria and Bacteriodetes are the major overlapped phyla in both PA and FL 

microbial fractions (Yung et al. 2016; Mestre et al. 2017a/b and 2020). 
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1.6 Aims of the thesis 

The main aim of this PhD project was to explore the relationship between 

phytoplankton and bacteria and to compare the community composition of free-living (FL) 

and attached bacteria, which are defined as bacteria associated with particles (PA), mainly 

when diatoms dominated phytoplankton. This is because diatoms often produce high 

amounts of secondary metabolites involved in allelopathy and symbiosis (through 

Polyunsaturated Aldehydes or other oxylipins). 

As highlighted in the introduction, PA and FL bacteria generally exhibit different abundance 

and composition, despite recent studies show that most members of both fractions are 

generalists and can switch their lifestyle. 

Based on the hypothesis that the organic composition of particles influences the bacterial 

communities, the present study had the following objectives: 

i) To investigate the attached bacterial community structure evolution in controlled 

condition (algal/diatom cultures), with the main objective of verifying if bacteria living in 

algal cultures are representative of natural bacterial communities. 

- Algal cultures and their associated bacteria (FL and PA) were followed for three 

months after algal isolation in order to investigate the bacterial community evolution 

with time after isolation from the sea (Chapter 3). 

ii)  To describe and characterize the attached and free-living bacterial communities at 

different temporal and spatial scales, and in different geographical areas, with the main 

objective to elucidate the role of environmental and biological factors on community 

composition and diversity. 

- The long-time variability of bacterial community composition was studied over two 

years at a coastal site in the Gulf of Naples (Chapter 4, Section 1). 

- The short-time variability was studied during 36 hours of sampling in the Northern 

Adriatic Sea through two tidal cycles (Chapter 4, Section 2). 

- For studying spatial variability, a river influenced basin was sampled in the Northern 

Adriatic Sea to test whether river discharges, changes in salinity, temperature and 

particle quality would affect the PA and FL bacterial communities in this area (Chapter 

5). 

A graphical overview of how the different chapters are linked with the objectives and 

hypotheses of the thesis is shown below: 
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To these aims, High Throughput Sequencing (HTS) of the gene coding for 16S rRNA 

and Scanning Electron Microscopy (SEM) were used as main tools to obtain a detailed 

morphological and taxonomical identification of FL and PA bacteria and of their associated 

diatoms or particles. 
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CHAPTER 2 

Materials and Methods 
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In this Chapter all procedures used for all analyses in this thesis are reported. In the 

case of methods used differently in different Chapters, these will be indicated in a dedicated 

section in the appropriate Chapter. 

2.1 In situ Sampling 

Seawater samples were collected using Niskin bottles mounted on a rosette sampler 

equipped with a CTD probe (SB19 or SB901, Sea-Bird Electronics, USA) to determine 

conductivity, temperature, depth, dissolved oxygen and fluorescence. 

Samples for dissolved inorganic nutrients (nitrate, nitrite, ammonia, phosphate and silicate, 

the latter not always available) were collected from Niskin bottles, immediately stored in 20 

ml polyethylene vials at -20°C until the analyses, except for the Adriatic samples, which 

were previously filtered through Whatman GF/F filters and frozen immediately. For 

chlorophyll a concentrations, 200-540 ml of seawater were filtered onto GF/F filters and 

immediately stored in liquid nitrogen until analyses, which were conducted by A. Passarelli 

and F. Margiotta from the RIMAR Department of SZN, using a Shimadzu RF-5301 PC 

spectrofluorometer, daily calibrated with a Chl a standard solution (from Anacystis nidulans; 

Sigma) (Margiotta et al. 2020). Samples from the Adriatic Sea were analyzed by F. Acri of 

CNR-ISMAR of Venice after filtration through GF/F filters. 

Samples for flow cytometry counts and 16S rRNA gene sequencing were collected from the 

same Niskin bottle. Duplicate samples for flow cytometry (1 ml each) were placed in 2.0 ml 

cryovials, fixed with a mix of 0.05% (vol/vol) glutaraldehyde and 1% (wt/vol) 

paraformaldehyde (final concentrations) for 10 min in the dark, frozen in liquid nitrogen, 

and stored at -80°C until analysis (Marie et al. 1999). 

For DNA collection, attached and free-living prokaryotic communities were separated by 

sequential filtration through 47 mm Millipore polycarbonate filters with a pore-size of 3.0 

μm and 0.22 μm (Whatman-Nucleopore and Millipore-GSWP respectively) using a Swinnex 

filter holder system connected to a vacuum pressure pump (Fig. 2.1). Around 1 L of surface 

water was filtered and all filters were subsequently transferred into cryovials and frozen in 

liquid nitrogen until subsequent molecular analysis. The same procedure was used for the 

culture samples, except for the filtration, which was done using a 50 ml syringe and 3.0 μm 

and 0.22 μm filters (Whatman-Nucleopore and Millipore-GSWP respectively). About 50 ml 

of each culture were filtered in duplicate at each sampling point. 
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Figure 2.1 Filtration apparatus to collect DNA samples from seawater in two size fractions (see text). 

Phytoplankton samples were collected at surface from Niskin bottles and disposed in 

500 ml dark glass bottles. Samples for qualitative analysis were collected with a 20 μm 

mesh-size phytoplankton net towed horizontally in surface waters. Both types of samples 

were fixed with buffered 37% formaldehyde (1.6% final concentration). Counts were 

realized using the method of Utermöhl (Utermöhl, 1958) by either Dr. Mauro Bastianini and 

Dr. Stefania Finotto of CNR ISMAR of Venice (Adriatic Sea samples) or by the SZN MoTax 

Facility (Dr. Diana Sarno, Gulf of Naples samples). Additional 3 ml of the net samples were 

collected from the same net samples for Scanning Electron Microscopy, fixed with 

glutaraldehyde at 2% (final concentration) and stored at +4°C until analysis. 

 

2.2 Flow cytometry 

A BD FACSVerse flow cytometer (BD Biosciences, Franklin Lake, USA) equipped 

with 488 nm laser excitation and standard filter setup was used to estimate picoplankton cell 

concentrations. The sheath fluid was natural seawater filtered through 0.22 μm 

polycarbonate filters. All data were acquired in log mode. 1 μm fluorescent polystyrene 

calibration beads (Fluoresbrite YG Microsphere, Polysciences Inc. Warrington, PA, USA) 

were added to all samples as internal standards. Untreated samples were used for analysis of 
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picophytoplankton, where populations were separated based on Side Scatter (SSC) and red 

fluorescence (FL3) from chlorophyll a (Fig. 2.2). 

 
Figure 2.2 Cytogram of the picophytoplankton groups usually detected by flow cytometry. The 
phototrophic picoplankton is discriminated in plots of side scatter (SSC) versus red fluorescence 
(FL3), as well as orange fluorescence (FL2) versus red fluorescence (FL3) (not shown). 

Analysis of heterotrophic prokaryotes was performed after staining the samples with 

the nucleic acid binding dye SYBR Green I (Molecular Probes, Inc., USA). The stained 

samples were left for 15 min in the dark at room temperature before the analysis (Balestra 

et al. 2011). Heterotrophic prokaryotes regions were identified in plots of Side Scatter (SSC) 

versus green fluorescence (FL1) also to discriminate HNA (high nucleic acid content) from 

LNA (low nucleic acid content) bacterial cells (Gasol and del Giorgio, 2000) (Fig. 2.3). 

Data acquisition was performed using FACSuite software (BD Biosciences, Franklin Lake, 

USA) and the files analyzed using FCS Express 4 Plus Flow Research Edition software 

(DeNovo Software, Glendale, USA). 
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Figure 2.3 Flow cytometric acquisition plots of heterotrophic prokaryotes. The data are analyzed in 
plot of SSC vs FL1 (green fluorescence); regions are established in order to discriminate prokaryotic 
cells with HNA (high nucleic acid content) from cells with low nucleic acid (LNA) content. 

 

2.3 Scanning Electron Microscopy (SEM) 

One ml of fixed sample was filtered onto a polycarbonate nucleopore filter of 5 µm 

pore size and 25 mm diameter placed in a Swinnex Millipore filter holder connected to a 10 

ml syringe. Concentration and filtration of samples occurred by gravity to avoid cell damage. 

Then the filtration apparatus was opened carefully and a second 5 µm pore size 

polycarbonate nucleopore filter was put on top of the first filter and separated from the first 

one by the silicone seal. Dehydration of the samples was conducted through few passages of 

the filters in a series of solutions of increasing concentrations of ethanol in water, as in 

Leinweber and Kroth (2015): first with 30% and 50% EtOH, at RT for 2 h each, followed 

by 70% EtOH at 4 °C overnight, 90% EtOH at RT for 2 h and finally with 96% and 100% 

EtOH twice for 1 h each. Once dehydrated, the filters underwent the Critical Point Drying 

process with the aim to replace the alcohol with the liquid CO2. The liquid CO2 was then 

removed making the critical point at 32°C and at 100 atm and inducing in this way its 

transition from liquid to gaseous state. This process allowed to obtain a dry and intact 

sample. Filters with the sample were taken out from the Swinnex and glued on the stub and 

finally sputtered with a metal layer (gold) in the K575 sputtering system. After fixation, 

dehydration and sputtering, all filters on stubs were imaged with a JEOL JSM_6500F 

(JEOL-USA Inc Peabody, MA, USA) scanning electron microscope. 
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2.4 DNA extraction and sequencing 

2.4.1 DNA extraction and quality control 

Three different DNA extraction protocols were tested to choose the best extraction 

method. In fact, a wide array of different DNA extraction protocols are used for prokaryotic 

community analyses in aquatic microbial ecology. This is a major concern because 

differences in extraction efficiency might be reflected in subsequent community analyses, as 

has also been documented for soil communities (Stach et al. 2001). 

 
2.4.1.1 Qiagen DNAeasy Blood and Tissue Kit 

The extraction was carried out according to the manufacturer’s protocol with some 

modifications to adapt it to the filters and to increase the yield of the extract. Filters were cut 

into small pieces, and placed in 2.0 ml eppendorf tubes. ATL buffer (720 µl) and 80 μl 

proteinase K (20 mg ml-1) were added, vortexed thoroughly and incubated at 56°C overnight 

to ensure the complete lisys of the bacterial cells. After incubation, the filters were vortexed 

for 15 seconds and the total contents transferred into a new eppendorf tube. AL buffer (500 

μl) was added and thoroughly vortexed, and then 500 μl absolute ethanol was also added and 

the solution thoroughly vortexed until a homogeneous mixture was obtained. This solution 

was pipetted onto the DNeasy mini spin column, centrifuged at 6000 x g (8000 rpm) for 1 

minute and the flow through discarded. This step was repeated until all the solution was 

loaded onto the column. AW1 wash buffer (500 μl) was added to the column, centrifuged at 

6000 x g (8000 rpm) for 1 minute and the flow through discarded. Wash buffer AW2 (500 

μl) was subsequently added, centrifuged at 20,000 x g (14000 rpm) for 1 minute and the flow 

through discarded. The column was then placed in a clean 1.5 ml microcentrifuge tube and 

centrifuged at 20,000 x g (14000 rpm) for 3 minutes in order to get rid of residual wash 

buffer. The column was then placed in another clean 1.5 ml microcentrifuge tube and 100 μl 

autoclaved Milli Q water added. The column was incubated for 2-3 minutes at room 

temperature, and then centrifuged at 6000 x g (8000 rpm) for 1 minute. The elution step was 

repeated with 50 μl autoclaved Milli Q water for maximum DNA yield. The samples were 

stored at -20°C. 
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2.4.1.2 Qiagen’s Puregene Kit 

The extraction was carried out according to the manufacturer's instructions. Filters 

were cut in small pieces and put in sterile tubes. 500 µl Ready Lyse Lysozyme (diluited to 

10000 U/ µl) were added to each tube and inverted 25 times. The samples were incubated at 

37°C for 30 minutes. Then 2.5 µl Proteinase K and 3 spoons of sterile glass beads were 

added, centrifuged for 60 seconds and incubated at 80°C for 5 minutes. RNAse A was added 

in the tubes and incubated at 37°C for 30 minutes and then on ice for 5 minutes. 

Protein precipitation was performed by adding 125 µl of Gentra Systems Protein 

Precipitation Solution, stirring for a few seconds on vortex and putting the tubes on ice for 

5 minutes. Then, the samples were centrifuged at 16000g for 3 minutes to precipitate proteins 

and beads and the supernatant transferred to a new tube. This step was repeated twice. 

The precipitation of DNA was carried out adding 1 µl of glycogen and 750 µl 100% 2-

Propanol in the tubes, centrifuged at 16000g for 5 minutes. The supernatant was discarded 

and 750 µl 70% EtOH was added, centrifuged at 16000g for 3 minutes, the supernatant was 

discarded and the DNA pellet was dried until all EtOH was evaporated. The samples were 

resuspend with 30 µl of 65°C Gentra Systems DNA rehydratation buffer, incubated for 30 

minutes at 37°C to dissolve the pellet and stored at -20°C. 

 

2.4.1.3 Manual protocol (DNA extraction by Bostrom et al. 2004 with modification) 

In the third test, the manual protocol by Bostrom et al. (2004) with modifications to 

enhance the quality and quantity of the DNA recovered was examined. Filters were cut into 

small pieces, homogenized with a lysis buffer (50 mM Tris-HCl pH 8.3, 40 mM EDTA, 750 

mM sucrose) and subjected to a bead-beating step. Then they were incubated at 37 °C for 30 

minutes with lysozyme (1 mg mL-1, final concentration). To obtain a high lysis efficiency 

extended heating was performed (12 h) in the presence of SDS (1% final concentration) and 

proteinase K (100 µg mL-1, final concentration) at 55°C in the termoshaker. The lysate was 

then recovered and the filters were washed with TE buffer (10 mM Tris-HCl pH 8, 1 mM 

EDTA) and pooled with the lysate. 

The precipitation of DNA was performed adding 1 µl of glycogen (20 mg mL-1) and 750 µl 

of 2-propanol. Samples were centrifuged for 3 minutes at 20000g at 4°C to create a DNA 

pellet and the pellet was washed with 70% of ethanol and centrifuged at 20000g at 4°C for 

another 3 minutes. After complete sample drying, the pellet was suspended and dissolved in 

50 μl of TrisHCl 5 mM buffer and stored at -20°C. 
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The DNA concentrations and the purity of each sample were measured using a Nano-

Drop spectrophotometer (ND-1000UV-Vis spectrophotometer, NanoDrop, Technologies). 

DNA yield was determined by measuring the DNA concentration in the eluate by its 260 nm 

absorbance. Purity was also estimated by the A260/A280 and A260/A230 ratios. The ratio values 

between 1.8- 2 estimate high DNA purity, while values below this optimum indicate the 

presence of organic contaminants such as proteins, phenol, or ethanol that absorb UV. 

After reading the samples in the spectrophotometer, to check and to estimate prokaryotic 

genomic DNA quality and integrity, 3 μl of DNA samples and 1 μl of λ2 ladder were run on 

a 0.7% (w/v) agarose gel containing ethidium bromide (0.5 mg mL-1, final concentration) at 

70V for 30 minutes for the visualization. 

The best protocol was found to be the Blood and Tissue kit (Fig. 2.4a), although with 

a lower yield than the manual protocol (Fig. 2.4b), but with a higher purity. 

 
Figure 2.4 Agarose gel of the different protocols tested on the same samples (0.22 µm and 3.0 µm) 
a) Puregene and Blood and Tissue kit; b) the manual protocol. 

 

2.4.2 Selection of the hypervariable region to amplify 

Microbial community analyses via high-throughput sequencing of amplified 16S 

rRNA genes is an essential microbiology tool. Since 2013, the V4 region of the 16S rRNA 

gene, which exhibits all the requirements and deviates from the length of 254 bp by only a 

few base pairs, has been amplified using the modified 515f-806rB primer set (Caporaso et 

al. 2012) and sequenced on Illumina MiSeq machines. 
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However, it has been recently reported that the V4-V5 region should be targeted for samples 

dominated by phylum Proteobacteria and that this region contains less intragenomic 

heterogeneity amongst all the hypervariable regions of 16S rRNA gene and thus generates 

less bias in covering prokaryotic diversity (Sun et al. 2013). Furthermore, it became apparent 

that the EMP (Earth Microbiome Project) primers (515F/806R) that amplify the V4 region 

(Caporaso et al. 2011, 2012) underestimated the most abundant marine prokaryotic clade 

SAR11 (Alphaproteobacteria class), overestimated common marine taxa such as 

Gammaproteobacteria (Parada et al. 2016) and did not cover Archaea at their best (Rivers, 

2015). Therefore, the primers published by Parada et al. (2016) have been used in this study 

and the term Prokaryotes was used throughout the thesis to include both Bacteria and 

Archaea. These replace the reverse primer 806R with the 926R and use it along with the 

forward primer 515F in order to target the V4-V5 hypervariable region of the 16SrRNA gene 

for the marine prokaryotic community profiling. The 926R primer not only increases SAR11 

coverage but also improves estimation of multiple taxa (Parada et al. 2016). Above all, the 

515F-926R primer set produces a longer amplicon (~ 412bp) compared to 515F-806R, 

which improves phylogenetic resolution and therefore, allows more accurate diversity 

analysis (Claesson et al. 2010; Schloss, 2010; Ghyselinck et al. 2013). 

 

2.4.3 Sequencing 

The extracted DNA samples were sent for PCR amplification and Illumina MiSeq 

2x300 bp sequencing to the CGBM Sequencing Facility at Dalhousie University (Canada), 

except for samples from cultures, which were sequenced at the Molecular Biology and 

Sequencing Facility of SZN using an Ion GeneStudio S5 System platform (see Materials and 

Methods Chapter 3). 

The V4-V5 hypervariable region of the 16S rRNA gene was amplified from environmental 

DNA using the V4-V5 primer set (515F-Y 5′ GTGYCAGCMGCCGCGGTAA; 926R 5′ 

CCGYCAATTYMTTTRAGTTT) based on the work of Parada et al. (2016). 

Preprocessing of raw data was performed by the Bioinformatics Service (BioInforma) of the 

Stazione Zoologica Anton Dohrn (Naples). All the libraries were cleaned using 

Trimmomatic (Bolger et al. 2014), setting the minimum quality per base at 20 phread score 

and minimum length of the read after cleaning at 250 bp. After primer removal, raw 

sequencing reads were submitted to the QIIME2 pipeline (Bolyen et al. 2019). Amplicon 

sequence variants (ASVs) were identified through the DADA2 strategy within QIIME2 

(Callahan et al. 2016), with standard parameters. For the taxonomic affiliation of ASVs, a 
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reference database was first created within QIIME2 by trimming the SILVA database v132 

(Quast et al. 2012) to the region amplified by the used sequencing primers and training a 

Naive-Bayes classifier on this subset; this classifier was then applied to the representative 

ASVs for taxonomic inference. ASVs assigned to chloroplast, mitochondria or “unknown” 

(i.e., that could not be classified at the kingdom level) were removed and excluded from 

further analyses. 

 

2.4.4 DNA data analyses 

The generated ASV table was normalized with a random subsampling at the lowest 

number of reads present in samples and then used to calculate alpha and beta diversity and 

taxonomic description of the dataset. The analyses were performed with the Phyloseq 

(McMurdie and Holmes, 2013), vegan (Oksanen, 2013), and ggplot2 (Wickman, 2010) R 

packages. 

For alpha diversity we generated rarefaction curves and calculated the ASVs observed 

(richness) and alpha-diversity estimators (Shannon and Chao indexes). For beta diversity, 

Hellinger or Log transformation was applied to the normalized abundance table and then the 

dissimilarity matrix was calculated using Bray-Curtis index (function vegdist). The Bray-

Curtis dissimilarity matrix was also used to perform ordination analyses (hierarchical 

clustering and non-metric multidimensional scaling, NMDS). Analysis of similarities 

(ANOSIM) (Clarke, 1993) was used for testing hypotheses of differences between the free-

living and attached microbial communities (ANOSIM test). PerMANOVA (adonis function 

in vegan) was used to detect significant associations between environmental parameters and 

prokaryotic community structure. Canonical correspondence analysis (CCA) was used to 

summarize the variation in the communities within the sites that can be explained by the set 

of explanatory variables statistically selected. 

Venn diagrams were built in order to calculate shared and exclusive ASVs between the two 

different communities, free-living and attached ones (Oliveros, 2007–2015) (available at 

http://bioinfogp.cnb.csic.es/tools/venny/index.html). 

Linear discriminant analysis (LDA) effect size (LEfSe) analysis (Segata et al. 2011) was 

used (with stringent threshold LDA score 4.0) to identify the features (taxa) most likely to 

explain differences between classes (free-living vs attached). The taxa that violate a null 

hypothesis of no difference between classes were predicted as biomarkers for the classes 

considered (Segata et al. 2011). 
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All statistical analyses were done with R-software (version 3.6.3). Further details of the 

different tests used is given in the appropriate Chapter. 
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CHAPTER 3 

Diatom-bacteria interactions in culture  

under controlled conditions
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3.1 Introduction 

Algal-prokaryote interactions occur in the microenvironment surrounding algal cells 

known as the “phycosphere” (Bell and Mitchell, 1972; Amin et al. 2012; Seymour et al. 

2017). The phycosphere is home to diverse microbial communities that thrive in close 

proximity to the diatom, either physically attached to the diatom or loose in the phycosphere 

(i.e., “free living”) (Azam et al. 2007). Within the diatom phycosphere, there are examples 

of symbiotic prokaryotes providing the host with vitamins and organic acids, including 

amino acids and siderophores (Amin et al. 2009). Diatoms, in return, provide the 

surrounding prokaryotes with easily degradable carbon- and sulfur sources (Seymour et al. 

2017). 

There is mounting evidence that many diatom species rely on mutualistic interactions with 

their microbiota (Ribalet et al. 2008; Cirri et al. 2019). How this mutualistic balance is 

maintained is open to conjecture (Meyer et al. 2018), although chemical interactions are 

considered vital (Cirri et al. 2019; Meyer et al. 2017, 2018). The main chemical route 

considered is the release by diatoms of dissolved organic matter (DOM) and extracellular 

metabolites (Thornton, 2014; Russo et al. 2020), including polyunsaturated aldehydes 

(PUA) (Ribalet et al. 2008). While DOM and metabolites will mostly be beneficial to the 

prokaryotes, PUAs can interfere with prokaryotic growth and metabolism acting as chemical 

agents, and these compounds could shape community structure by changing overall 

biodiversity (Ribalet et al. 2008; Bartual et al. 2017; Edwards et al. 2015). 

Consistent associations between specific prokaryotic and diatom taxa have been 

found (Schäfer et al. 2002; Amin et al. 2012; Behringer et al. 2018), although other studies 

have also observed that the composition of diatom-associated prokaryotic assemblages shifts 

over weeks to months in culture (Sapp et al. 2007). However, it remains unclear whether 

prokaryotes associated with diatom cells are species-specific (Grossart et al. 2005; Jasti et 

al. 2005; Rooney-Varga et al. 2005) or determined by the prokaryotic source communities 

(Kaczmarska et al. 2005; Sapp et al. 2007). Previous studies have highlighted important taxa 

that interact with many phytoplankton species, but knowledge on the abundance and 

persistence of these prokaryotic taxa with their algal host either in the environment or in 

laboratory cultures is very partial/incomplete (Behringer et al. 2018). 

In particular, little or nothing is known about the interactions of prokaryotes with 

PUA producing diatom species. In this study two diatom species, Skeletonema marinoi, 

which produces high amounts of PUAs (2,4-heptadienal, 2,4-octadienal, and 2,4,7 

octatrienal) (Ribalet et al. 2007b) and the phylogenetically similar non PUA-producing 
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Skeletonema tropicum were chosen to test this interaction. Both species are widespread in 

coastal areas and form late winter/spring and autumn blooms in those areas (Kooistra et al. 

2008). Prokaryotic communities attached to the diatom particles (PA) and free-living (FL) 

in cultures of the two species were analyzed also in relation to the growth phase (in the case 

of Skeletonema marinoi), and in relation to the time of isolation (both in Skeletonema 

marinoi and in Skeletonema tropicum), with the aim to investigate the following aspects: 

i) If the diatom-attached prokaryotic communities present host-specificity. 

ii) Whether these PA prokaryotic communities change in composition after algal 

isolation, or as a function of the algal growth phase. 

iii) Whether there are differences between prokaryotes associated to diatom strains 

isolated at different times of the year. 
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3.2 Materials and Methods 

Skeletonema marinoi was isolated from the North Adriatic Sea (Fig. 3.1a) in 

February 2019, during a late-winter diatom bloom. The two strains of Skeletonema tropicum, 

were isolated from the Gulf of Naples, at the LTER-MareChiara (MC) station (Fig. 3.1b) at 

the beginning of September 2018 (strain 1), and at the end of October 2018 (strain 2). 

 
Figure 3.1 (a) Skeletonema marinoi (Sarno and Zingone, 2005, http://nordicmicroalgae.org); (b) 
Skeletonema tropicum (Cleve, 1900; https://planktonnet.awi.de). 

 

3.2.1 Experimental design 

Single colonies of Skeletonema marinoi and Skeletonema tropicum (strains 1 and 2) 

were isolated from phytoplankton net samples using capillary pipettes and cultivated at first 

in a multiwell-plate. After one week from isolation, the successful isolates were transferred 

into culture flasks containing Guillard’s f/2 medium and incubated at 21°C under 12:12 

light-dark cycle at 100 μmol quanta m-2 s-1. Incubation of cultures for the experiment was 

performed over a 12-week period and the cultures were diluted with fresh medium every 7 

days as soon as they reached the stationary phase of growth. Cultures of Skeletonema 

marinoi were sampled when they reached 5.5 x 105 cell ml-1 (exponential phase) and three 

days later at 7.5 x 105 cell ml-1 (stationary phase), after 1, 4, 8 and 12 weeks from isolation. 

Cultures of the two strains of Skeletonema tropicum were sampled only during exponential 

phase after 1, 2, 4, 6, 8, 12 weeks from isolation. Samples were taken for SEM observations 

(for Skeletonema marinoi and Skeletonema tropicum strain 2) and DNA extraction and 

sequencing using the protocols reported in Chapter 2 (Materials and Methods 2.3 and 2.4.1). 

For DNA extraction, about 50 ml of each sample (50 ml) were sequentially filtered through 

a b
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3.0 µm and 0.22 µm filters (Whatman-Nucleopore and Millipore-GSWP, respectively) in 

duplicate to collect the PA (3.0 µm) and the FL (0.22 µm) fraction, using a Swinnex filter 

holder system connected to a 50 ml syringe and filtering by gravity (Fig. 3.2). The filters 

were transferred into cryovials, frozen in liquid nitrogen and stored at -80°C until analysis, 

as described in Materials and Methods 4.2.1. 

 
Figure 3.2 Filtration apparatus to collect DNA samples from cultures in two size fractions (0.22 – 3 
μm and >3 μm). 

 

3.2.2 Scanning Electron Microscopy 

One ml of each culture sample was collected for SEM analysis, fixed with 

glutaraldehyde at 2% (final concentration) and processed as described in Chapter 2 

(Materials and Methods 2.3). Quantification of prokaryotic attachment per diatom cell was 

obtained by analyzing 6 to 10 random fields in each filter present on the stub, counting at 

least 100 diatom cells. For each field, photos were taken at two different magnifications, the 

first at 500X to count the diatoms and the second one at 2000X at least to observe and count 

the prokaryotes attached to the diatom cells. 
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3.2.3 PCR amplification 

The dataset of culture samples was sequenced using Ion GeneStudio S5 System 

platform. We used the primers in Parada et al. (2016) as indicated in Chapter 2, then the term 

Prokaryotes will be used in the thesis because the Archaea have also been amplified. All 

primers were modified at their 5′-ends adding two short tails of 18 (forward primer) and 17 

(reverse primer) nucleotides in length subsequently used as anchorage for the second PCR 

to ligate barcodes and P1 sequences, respectively, to the PCR product, according to standard 

procedures of the Molecular Biology and Sequencing Facility at SZN (Stefanni et al. 2018). 

The PCR reaction mixture contained 5 μl PCR buffer, 2.5 μl (2 mM) dNTP, 0.5 μl 

each of the forward and reverse primers (0.2 μM final concentration), 0.25 μl (2 U) Taq 

polymerase, 2 μl environmental DNA, and nuclease free water to make up the volume to 25 

μl. Reactions were performed in a C1000TM Thermal Cycler (Bio-Rad) at 98°C for 30 sec 

to denature the DNA, with amplification proceeding for 30 cycles at 98°C for 10 sec, 47°C 

for 30 sec and 72°C for 15 sec with a final extension of 7 min at 72°C to ensure complete 

amplification. A negative control containing nuclease-free water and the reaction mixture 

was always run simultaneously to check for amplification of contaminants in the PCR 

reagents. 

Each PCR product was checked for positive amplification by agarose gel electrophoresis. 

PCR product (3 μl) and 1 μl 100bp ladder were loaded onto a 1% (w/v) agarose gel and run 

at 60 V for 45-60 minutes. The expected size of the product is ~ 400bp (Fig. 3.3). 

 
Figure 3.3 Agarose gel of PCR products. NG= negative control. 

NG NG
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The PCR products were purified with the AMPure XP magnetic beads (Beckman 

Coulter), following manufacturer’s instructions. AMPure XP beads were transferred to a 

PCR tubes containing DNA samples. The beads and DNA fragments were mixed together 

and incubated at room temperature for 5 minutes to ensure that the DNA strands bind to the 

magnetic beads. The supernatant was then slowly aspirated and the beads washed twice with 

70% ethanol. The DNA was then eluted from the magnetic beads by adding sterilized MilliQ 

water and placed on the magnet for 1 minute. Then, samples were transferred into a new 

tube. 

The second PCR amplification was performed using the same reagent volumes as in the first 

PCR, but replacing the primer cocktail with Barcodes and P1 solutions at a final 

concentration of 0.5 μM each and using approximately 5 ng of the first PCR product as 

template and 1.25U/reaction PrimeStar GXL DNA polymerase (Takara) to a final volume 

of 25 μl. The thermal profiling for the switch PCR started at 98 °C for 2 min, followed by 5 

cycles of denaturation at 98 °C for 10 s, annealing at 60 °C for 15 s and extension at 68 °C 

for 40 s, with a final extension at 68 °C for 7 min. PCR products were purified with the 

AMPure XP magnetic beads (Beckman Coulter), as described above. Quantity and quality 

of the PCR products were determined with the Agilent DNA High Sensitivity Kit on the 

Bioanalyzer (Agilent). 

 

3.2.4 Sequencing 

After purification by AMPure XP magnetic beads, an equimolar amount of all 16S 

products were pooled together and the quantity of DNA was assessed using the dsDNA HS 

Assay Kit on the Qubit 3.0 fluorimeter (Thermo Fisher). The generated V4-V5 amplicon 

libraries were run on an Ion GeneStudio S5 System platform. Library amplification and 

enrichment and chip loading were performed in automation using the Ion S5 ExT Chef 

Reagents and the Ion chip 530 on the Ion Chef system (Thermo Fisher) following the 

manufacturer’s recommendations. Massive parallel sequencing was carried out on the Ion 

GeneStudio S5 System with the Ion S5 ExT Sequencing Reagents (Thermo Fisher). 

 

3.2.5 Data analyses 

Raw data were analyzed as described in Chapter 2 (2.4.3 and 2.4.4). 
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3.3 Results 

3.3.1 Prokaryotic attachment to Skeletonema marinoi (as observed by SEM) 

The prokaryotic cells attached to Skeletonema marinoi were not abundant, ranging 

from 1.8 to 3.6 prokaryotes per diatom cell in exponential phase of growth and from 0.8 to 

1.0 prokaryotes per diatom cell in stationary phase. 

There were attached prokaryotes basically during the exponential phase, with a 

general decrease in the number of prokaryotes per diatom cell with time. For diatoms 

sampled in stationary phase, prokaryotic attachment was always low and did not change with 

time (Fig. 3.4), although aggregates were observed close to the cells, especially after 8 and 

12 weeks (Fig. 3.5). 

 
Figure 3.4 Prokaryotic coverage (average bacteria cell-1) over time in cultures of Skeletonema 
marinoi sampled in exponential (blue line) or stationary phase (orange line) of culture growth. 
Vertical bars indicate ± Standard Error. 
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Figure 3.5 SEM images of Skeletonema marinoi chains with prokaryotic aggregates in the cells close 
vicinity (red arrows). 

In general, the surface of the diatoms was smooth and clean, as can be seen in Fig. 3.6 a/b. 



 38 

 
Figure 3.6 SEM images of Skeletonema marinoi a) without attached prokaryotes and b) with three 
attached prokaryotes (red ovals). 

Two different prokaryote morphotypes were observed: rod-shaped bacillus and 

coccus-like spherical prokaryotes, the first being the most common. They were usually 

attached on the girdle (the part between the valves, in yellow in Fig. 3.7b) or along the 

processes (the structures connecting two cells in a chain, in red in Fig. 3.7a). 

a

b
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Figure 3.7 SEM images of the two prokaryotic morphotypes found on Skeletonema marinoi: a) rod-
shaped bacilli (red) attached on the processes and b) coccus-like spherical prokaryotes (yellow) 
attached on the girdle of the diatom cell. 

 

 

 



 40 

3.3.2 Prokaryotic diversity and richness in Skeletonema marinoi cultures 

In S. marinoi cultures, among the 3630 ASVs found in this study, 5.8% were shared 

between PA and FL bacteria, while 27.1% appeared only in PA and 67.1% only in the FL 

fraction (Fig. 3.8). 

 
Figure 3.8 Venn diagram showing the ASVs distribution between the two fractions: Free-Living (FL, 
yellow) and Particle-Attached (PA, blue). 

Rarefaction curves computed for PA and FL samples indicated that all samples 

reached an asymptote, indicating a good sampling depth for 16S rDNA (Fig. 3.9). 

Furthermore, the results indicate that the FL samples (green) present greater richness than 

the PA ones (red). 
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Figure 3.9 Rarefaction curves (1000 randomizations) for the PA (red) and FL (green) prokaryotic 
communities in S. marinoi cultures. 

 

Alpha diversity 

Richness and total diversity were significantly higher in FL (Wilcoxon test p< 0.001 

for Observed ASVs; p< 0.001 for Chao1 and p= 0.001 for Shannon index) than in PA 

prokaryotes (Fig. 3.10). 
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Figure 3.10 a) Observed ASVs b) Shannon and c) Chao1 in FL (green) and PA (red) prokaryotes. 
Upper and lower lines correspond to the first and third quartile of the distribution of values, while 
the horizontal lines show the median values. 

 

Variability in community structure 

PA and FL communities were clearly different both, in the exponential phase (Fig. 

3.11a) and in the stationary phase (Fig. 3.11b). 
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Figure 3.11 Hierarchical clustering of the prokaryotic communities living in S. marinoi cultures 
based on the Bray-Curtis dissimilarity matrix. a) exponential phase (exp), b) stationary phase (stat). 
Yellow squares delimitate FL communities. Red squares delimitate PA communities. Black squares 
indicate the sampling times. 

The separation between PA and FL was also shown by Non-metric Multidimensional 

Scaling (NMDS) plots, where the community evolution over time can be observed (Fig. 

3.12), and corroborated by an ANOSIM test (R= 1; p= 0.04 for exponential phase; R= 0.8; 

p= 0.04 for stationary phase) (Fig. 3.13). 
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Figure 3.12 Non-metric Multidimensional Scaling (NMDS) of FL (triangles) and PA (circles) 
prokaryotic communities. The blue gradient follows the time evolution of the samples as indicated 
in Fig. 3.11. 
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Figure 3.13 Dissimilarity plots within and between FL and PA communities, in a culture of S. 
marinoi, based on the results of an ANOSIM test. Plot a) exponential phase (R= 1; p= 0.04); b) 
stationary phase (R= 0.8; p= 0.04). 

Furthermore, a PERMANOVA test (ADONIS function), using Bray-Curtis 

dissimilarity, indicated that lifestyle (R2= 0.54, p= 0.001) and time (R2= 0.14, p= 0.092) 

were both significant factors explaining the differences between the FL and PA communities 

in the temporal window studied (weeks). The growth phases (exponential or stationary), 

however, were not statistically significant factors, with R2= 0.048 and p= 0.533. 
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Taxonomic composition of the prokaryotic communities in Skeletonema marinoi cultures 

Overall, the prokaryotic communities were dominated by two phyla: Proteobacteria 

(56%) and Bacteroidetes (42.8%). While these proportion were very similar in all conditions 

(PA, FL, exp, stat), as soon as after 1 week from isolation, Proteobacteria increased in 

proportion in the PA in exponential cultures. The same occurred in stationary cultures, but 

slower. In the FL communities, Proteobacteria also increased, but less markedly and with no 

differences between the exponential and stationary cultures (Fig. 3.14). 

 
Figure 3.14 Taxonomical composition at the phylum level of FL and PA prokaryotes in S. marinoi 
cultures in exponential (exp) and stationary (stat) phases of growth. Sampling times are indicated in 
the black square. 

When analyzed at a finer taxonomical level (family, Fig. 3.15), PA communities, in 

both phases, were dominated by Rhodobacteraceae (50%) belonging to the 

Alphaproteobacteria class, and the NS9 marine group of Bacteroidetes (33.4%). In general, 

an increase in Rhodobacteraceae and a decrease in the NS9 marine group was observed in 

both phases and over time. FL bacteria were dominated by Flavobacteriaceae belonging to 

the Bacteroidetes phylum (35.5%). 

Exp                    Stat                         Exp                    Stat                        Exp             Stat                        Exp                     Stat

01= 1 weeks
02= 4 weeks
03= 8 weeks

04= 12 weeks

1 4 8 12

01_exp_PA

01_exp_FL

01_stat_PA

01_stat_FL

02_exp_PA

02_exp_FL

02_stat_PA

02_stat_FL

03_exp_PA

03_exp_FL

03_stat_PA

03_stat_FL

04_exp_PA

04_exp_FL

04_stat_PA

04_stat_FL

PA            FL        PA            FL              PA            FL          PA           FL                PA            FL           PA            FL                PA           FL           PA       FL



 47 

 
Figure 3.15 Taxonomic composition at the family level of FL and PA prokaryotes in S. marinoi 
cultures in exponential (exp) and stationary (stat) phases of growth. The histograms were built using 
only families with abundances ≥ 1%. Groups with abundances < 1% were pooled together and are 
indicated as < 1% abund.. Sampling times are indicated in the legend. 
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by Pseudohongiella genus (only in exponential phase) and Marinobacterium (in both 

phases), both from the Oceanospirillales order (Nitrincolaceae family). Furthermore, in both 

phases, the NS3a marine group of the Flavobacteriaceae family was identified as indicator 

of FL prokaryotes. 

1 4 8 12
Exp                        Stat                             Exp                        Stat                         Exp                         Stat                             Exp                       Stat

01_exp_PA

01_exp_FL

01_stat_PA

01_stat_FL

02_exp_PA

02_exp_FL

02_stat_PA

02_stat_FL

03_exp_PA

03_exp_FL

03_stat_PA

03_stat_FL

04_exp_PA

04_exp_FL

04_stat_PA

04_stat_FL

01= 1 weeks
02= 4 weeks
03= 8 weeks
04= 12 weeks

PA              FL        PA            FL                    PA              FL          PA              FL                   PA              FL              PA              FL                    PA             FL PA              FL



 48 

 
Figure 3.16 LEfSe analyses (LDA >4; p= 0.05) illustrate the taxonomic group that statistically 
differentiate FL (green) and PA (red) lifestyles using the prokaryotic ASVs table. On the right the 
lists of taxa represented in taxonomic hierarchical cladograms. a) Prokaryotes in S. marinoi cultures 
in exponential phase of growth; b) Prokaryotes in S. marinoi cultures in stationary phase of growth. 

a

b
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3.3.3 Prokaryotic attachment to Skeletonema tropicum 

S. tropicum is less silicified than S. marinoi and it does not form PUAs. Also, while 

S. marinoi usually blooms in late winter, S. tropicum forms autumn blooms, at least in the 

Gulf of Naples (Sarno et al. 2005). 

Only strain 2 was analyzed for SEM images and the estimation of the numbers of 

attached prokaryotes (Fig. 3.17a/b). These started from an average of 0.2 prokaryotes per 

diatom cell but reached 8.0 after 2 weeks from isolation and increased thereafter to reach an 

average of 11.1 prokaryotes per diatom cell at the end of the experiment. (Fig. 3.18). 
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Figure 3.17 SEM images of Skeletonema tropicum strain 2 in exponential phase showing the 
prokaryotes attached to cells. 
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Figure 3.18 Observed prokaryotic attachment (average bacteria per diatom cell-1) over time in 
Skeletonema tropicum strain 2 culture in exponential phase of growth. Vertical bars indicate ± 
Standard Error. 

Prokaryotes were usually attached to the girdle or along the processes (Fig. 3.19a/b) 

and the most common prokaryotic morphotype was the rod-shaped (Fig. 3.20). 
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Figure 3.19 SEM images of prokaryotes attached a) to girdle or b) along the processes of S. tropicum. 

a

b
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Figure 3.20 SEM image of the two prokaryotic morphotypes found on Skeletonema tropicum: in red 
the rod-shaped bacilli and in yellow the coccus-like spherical prokaryotes. 

 

3.3.4 Prokaryotic diversity and richness in Skeletonema tropicum cultures 

After normalization, the dataset of S. tropicum strain 1 contained 2435 ASVs and 

321,948 sequences; while, S. tropicum strain 2, contained 2813 ASVs and 839,196 

sequences. 

In strain 1, FL and PA shared 8.3% of the total ASVs, whereas 43.3 % were exclusive 

of PA and 48.5 % of FL (Fig. 3.21a). In strain 2, 6.2% of ASVs are shared, 28.7% were 

exclusive of PA and 65.1% are specific for FL prokaryotes (Fig. 3.21b). 
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Figure 3.21 Venn diagram showing ASVs distributions between the two fractions: Free-Living (FL, 
yellow) and Particle-Attached (PA, blue), in the two different strains: a) strain 1 and b) strain 2 of S. 
tropicum. 

Rarefaction analysis showed that, in both strains, all PA and FL samples reached an 

asymptote, and in strain 1 the two fractions showed more or less the same richness, while in 

strain 2 the FL samples presented greater richness than the PA fraction (Fig. 3.22a/b). 

a

b
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Figure 3.22 Rarefaction curves (1000 randomizations) for PA (red) and FL (green) prokaryotes in S. 
tropicum cultures a) in strain 1; b) in strain 2. 

 

Alpha diversity 

Richness and diversity between FL and PA communities, in strain 1, were not 

significantly different (Wilcoxon test p= 0.31 for Observed ASVs and Chao1; p= 0.94 for 

Shannon index) (Fig. 3.23a). In strain 2, instead, alpha diversity was significantly higher in 
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FL (Wilcoxon test p= 0.0087 for Observed ASVs and Chao1; for Shannon index p= 0.0043) 

than in the PA community (Fig. 3.23b). 

 
Figure 3.23 a) Observed ASVs b) Shannon and c) Chao1 in FL (green) and PA (red) prokaryotes, a) 
in S. tropicum strain1; b) in S. tropicum strain 2. Upper and lower lines correspond to the first and 
third quartile of the distribution of values, while the horizontal lines indicate the median values. 
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Variability in community structure 

In both strains, a separation between PA and FL prokaryotes could be observed, 

although not in all sampling times. In fact, an evolution of the community over time could 

be observed. At the beginning (T01) the two communities, FL and PA were very similar, 

then the prokaryotes specialized and divided in two groups (from T02 to T05) and after three 

months (T06) the communities returned to conditions similar to the initial ones (Fig. 3.24 

a/b). 

 
Figure 3.24 Hierarchical clustering of prokaryotic communities living in S. tropicum cultures based 
on Bray-Curtis dissimilarity matrix. a) strain 1 b) strain 2. Yellow squares delimitate FL 
communities. Red squares delimitate PA communities. The black square indicates the sampling 
times. 
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Significant dissimilarity between FL and PA communities was also shown by 

ANOSIM tests (Fig. 3.25), in strain 1 (R= 0.4, p= 0.009) and strain 2 (R= 0.55, p= 0.004). 

 
Figure 3.25 Dissimilarity plots within and between FL and PA communities, based on ANOSIM. 
Plot a) S. tropicum strain 1 (R= 0.4, p= 0.009); b) S. tropicum strain 2. (R= 0.55, p= 0.004). 

Furthermore, the ADONIS function in PERMANOVA analyses, showed that 
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between FL and PA communities. On the contrary, time was not a statistically significant 

factor (R2= 0.49, p= 0.327 in strain 1 and R2= 0.39, p= 0.75 in strain 2). 

 

Taxonomic composition of prokaryotes in the Skeletonema tropicum cultures 

In cultures of both strains the total prokaryotic communities were dominated by two 

phyla: Proteobacteria and Bacteroidetes, with 82.3% and 15.4%, respectively, in strain 1 and 

72% and 24.4%, respectively, in strain 2 cultures. 

In strain 1 cultures (Fig. 3.26a), the proportion of these two phyla in the PA 

community was more or less always the same, except after twelve weeks, in which an 

increase in Firmicutes and Actinobacteria was observed. In the FL community, 

Bacteroidetes increased after two weeks and decreased again after twelve weeks, when they 

are replaced by Proteobacteria. 

In strain 2 (Fig. 3.26b), the PA community immediately after isolation, was the only 

sample dominated by Firmicutes (60%), possibly as a sequencing error, and was then 

replaced by Proteobacteria after two weeks. In the FL community, a general increase and 

decrease in Bacteroidetes over time could be observed. 
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Figure 3.26 Taxonomic composition at phylum level of FL and PA in a) strain 1 and b) strain 2. 
Black square indicates the sampling times. 

At the family level, the PA community of strain 1 one week after isolation was very 

heterogeneous, dominated by 4 families, Rhodobacteraceae and Rhizobiaceae 
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(Gammaproteobacteria). After two weeks, instead, the PA community was dominated by 

Rhodobacteraceae (Alphaproteobacteria) and Nitrincloaceae (Gammaproteobacteria), but 

after four and twelve weeks an increase in Alteromonadaceae was observed. The FL 

community appeared dominated, both at the beginning and at the end, by Alteromonadaceae. 

However, from the second to the eighth week, Flavobacteriaceae (Bacteroidetes) and 

Rhodobacteraceae (Fig. 3.27a) dominated. 

In strain 2 (Fig. 3.27b), the PA community was dominated, after one week from 

isolation, by the Bacillaceae family (59.8%) of Firmicutes phylum, that disappeared 

completely after two weeks. However, this is suspected to be a sequencing artefact. In fact, 

the PA community appeared dominated by Rhodobacteraceae and after twelve weeks also 

by Cryomorphaceae (Bacteroidetes). The FL community was dominated, at the beginning 

and at the end, by members of the Alteromonadaceae family, while from the second to the 

eighth week, the Cryomorphaceae and Cyclobacteriaceae families of the Flavobacteriales 

order (Bacteroidetes) dominated. 
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Figure 3.27 Taxonomic composition at the family level of the FL and PA communities associated to 
cultures of a) S. tropicum strain 1; b) S. tropicum strain 2. The histograms of taxonomic relative 
abundances were built showing the families with abundances ≥ 1%. The abundances of the other 
taxonomic groups at < 1% were pooled and shown in grey (< 1% abund.). The black square indicates 
the sampling times. 
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of the Gammaproteobacteria class), and the family of Rhodobacteraceae 

(Alphaproteobacteria) as indicators of PA prokaryotes. On the contrary, the OM43 clade 

genus (Methylophilaceae family of the Betaproteobacteriales order) was identified as 

indicator of FL (Fig. 3.28a). 

In strain 2, genus Thalassobius of the Rhodobacteraceae family (Alphaproteobacteria) was 

identified as indicator of the PA communities, while genus Pseudohongiella 

(Oceanospirillales order of the Gammaproteobacteria) and Fabibacter (Cytophagales order 

of the Bacteroidetes phylum) and the Rhodobacteraceae family were identified as indicator 

of FL prokaryotes (Fig. 3.28b). 
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Figure 3.28 LEfSe analyses (LDA >4; p= 0.05) illustrates the taxonomic groups that statistically 
differentiate FL (green) and PA (red) lifestyles using the prokaryotic ASVs table. On the right the 
list of taxa represented in taxonomic hierarchical cladograms. a) S. tropicum strain 1; b) S. tropicum 
strain 2. 
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3.4 Discussion 

The prokaryotic communities appearing attached or free-living in freshly isolated 

microalgal (diatoms) cultures were analyzed in this study, with the starting assumption that 

the PA prokaryotes were attached to the initially isolated diatom colony and the FL 

prokaryotes were carried within the isolation seawater drop, so reflecting in situ FL 

prokaryotes. This was confirmed by sequencing analyses of the FL prokaryotes sampled 

during the isolation of Skeletonema tropicum strain 2 (not shown), which showed high 

similarity with FL prokaryote communities after one week. Archaea did not appear in 

relevant quantities in any of the analyses, coherently with their reported low abundances in 

similar environments. 

The three strains analyzed (one Skeletonema marinoi and two Skeletonema tropicum) 

were isolated at different times and sites: in the North Adriatic Sea in February (Skeletonema 

marinoi), in the Gulf of Naples at the beginning of September (Skeletonema tropicum strain 

1) and in the Gulf of Naples at the end of October (Skeletonema tropicum strain 2). 

Therefore, some of the differences observed could be due to the initial prokaryotic 

communities present in the samples at the time of the initial isolation. In this Chapter, I try 

to analyze the evolution of prokaryotic communities with time from the initial diatom 

isolation to test if the prokaryotes present in diatom cultures change during the lifetime of a 

culture or whether they can be considered an inherent property of the species isolated as 

compared to the communities occurring in situ. 

Skeletonema marinoi presented less prokaryotes per cell attached to their surface 

both in exponential phase and especially so in stationary phase than Skeletonema tropicum. 

While attachment decreased with time spent from the initial isolation in the exponentially 

growing cultures, it was always relatively low and it stayed low in cultures in stationary 

phase of growth. Therefore, the change in attachment values must be due to detachment of 

previously attached prokaryotes. 

The decrease of prokaryotic attachment when the diatoms are in the stationary phase of 

growth could be attributed either to the production of PUAs by the diatom, which is known 

to increase in stationary phase and to inhibit prokaryotic growth (Ribalet et al. 2008; Balestra 

et al. 2011). In addition, it is known that at later stages of the growth of a culture, organic 

exudates are released and accumulate in the surrounding medium (Aslam et al. 2012), 

possibly attracting prokaryotes from the phycosphere. This could imply that the attached 

prokaryotes have the possibility to move between substrates (either the diatom or the 

aggregates) still conserving their preferentially PA lifestyle. 
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In Skeletonema tropicum, instead, the opposite trend was observed, as prokaryotic 

attachment started from almost zero and increased significantly over time (only 

exponentially growing cultures were analyzed). This is in accordance with Grossart et al. 

(2006), who reported an increase in attached prokaryotes in non-axenic cultures of 

Thalassiosira weissflogii and Navicula sp. over time. However, it is in contrast to what was 

seen by Vaqué et al. (1989, 1990) in Skeletonema costatum and Leptocylindrus danicus, who 

reported that the number of epialgal prokaryotes increased mainly in the senescent phase, 

therefore with the decrease of phytoplankton growth rate. Differences in prokaryotic 

attachment between phytoplankton species had already been observed by Crenn et al. (2018) 

reporting that Thalassiosira cells harbored higher proportion of epibionts than Chaetoceros, 

both in cultures and in natural samples. 

This different pattern in the two species could be due to differences in the starting 

prokaryotic communities or to their different physiology, implying a lower production of 

EPS in Skeletonema tropicum which, as also observed in the SEM images, host a greater 

number of prokaryotes attached to its surface. 

The attached prokaryotic morphotypes in both Skeletonema species were cocci-like 

spherical prokaryotes and rod-shaped bacilli, observed on the processes and also on the 

girdle of the diatom cells. The most abundant morphotype was rod-shaped bacillus, in 

accordance with other studies carried out on the diatoms Pseudonitzschia multiseries 

(Kaczmarska et al. 2005) and Achnanthidium minutissimum (Leinweber et al. 2015). As a 

matter of fact, most members of Proteobacteria and Bacteroidetes (i.e., Alteromonas, 

Pseudoalteromonas, Flavobacteriaceae and Cryomorphaceae), which were the dominant 

clades found in the PA fraction, are rod-shaped, but there are some members that might be 

cocci (i.e., Rickettsia). Also, most members of the Firmicutes phylum are bacilli (i.e., 

Clostridium or Bacillaceae), yet not all members of this phylum are rod-shaped (i.e., 

Staphylococcus or Enterococcus). This would explain why most of the prokaryotes that have 

been observed attached to the diatoms are rod-shaped, being these above-mentioned 

prokaryotic phyla the most abundant present in the cultures. 

In general, in both species and strains, PA and FL prokaryotic communities were 

different with little overlap, and small number of shared ASVs. The biomarker taxa were 

also different between the two lifestyles, with members of Alphaproteobacteria (family 

Rhodobacteraceae), usually found in the PA samples, and Gammaproteobacteria members 

(family Oceanospirillales) in the FL ones. Members of Bacteroidetes (family 

Flavobacteriaceae), instead, were observed in both lifestyles. 
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In both species, a time evolution from isolation was evident, with the prokaryotic community 

evolving with time from the initial community, which reflect the prokaryotes present in situ 

at the time of sampling (at least for Skeletonema tropicum strain 2). This indicates that the 

prokaryotic communities developing in diatom culture change with time in the laboratory 

conditions, possibly diverging from what would have occurred in situ. As a consequence, 

one must be cautious when comparing what is found in cultures to what is observed in nature, 

at least in terms of prokaryote-diatom associations. On the other hand, it must be considered 

that this is also true for the diatom cultures, since culture conditions select for more resistant 

or more adapted to the artificial culture conditions strains. The reaction of prokaryotes to 

incubation in a confined environment is known as “Bottle Effect” (Hammes et al. 2010). 

This phenomenon has been known for almost a century (Zobell and Anderson, 1936), and 

involves the replacement of the natural microbial community with opportunistic prokaryotes 

(Zobell and Anderson, 1936; Massana et al. 2001), alongside an increase in heterotrophic 

over autotrophic prokaryotes (Calvo- Díaz et al. 2011). These changes have implications on 

the final cell concentrations (Bischofberger et al. 1990), on the microbial viability/activities 

(Jürgens et al. 2000) and lead to a change in population composition (Agis et al. 2007). The 

bottle effect occurs in closed systems where there is no supply of fresh organic matter and 

nutrients and, at the same time, toxic metabolites may accumulate (Ionescu et al. 2015). In 

this study, however, the cultures were diluted with fresh medium every 7 days, so the bottle 

effect was minimized. 

In the cultures of Skeletonema marinoi, the community composition of PA and FL 

prokaryotes did not change as a function of the diatom growth phase, confirming what was 

observed by Sapp et al. (2007). This is surprising, as we know that Skeletonema marinoi 

produces higher amounts of PUAs in stationary phase and also releases them in the medium 

(Vidoudez and Pohnert, 2008), and that prokaryotes react differentially to PUAs (Ribalet et 

al. 2008). However, the sampling was conducted early into stationary phase, where possibly 

PUA release had not started or had not had enough time to change prokaryotic community 

composition. 

Alphaproteobacteria (Rhodobacteraceae) and Gammaproteobacteria as well as 

members of the Flavobacteria (within the Bacteroidetes phylum) were the dominant taxa 

associated with the microalgal cultures. Prokaryotes of these groups have already been 

described in other investigations dealing with the interaction of prokaryotes and microalgae 

(Bidle and Azam, 2001; Hold et al. 2001; Wichels et al. 2004; Grossart et al. 2005; Sapp et 

al. 2007). Members of Rhodobacteraceae have been shown to associate with diatoms in 

culture but also in the field (Grossart et al. 2005; Guannel et al 2011; Sison-Mangus et al. 
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2014; Baker and Kemp, 2014; Amin et al. 2015). Several members of Rhodobacteraceae 

have the ability to utilize algal osmolytes, including putrescine, taurine, creatine, sarcosine 

and dimethylsulfoniopropionate (DMSP) (Wagner-Döbler and Biebl, 2006; Kalhoefer et al. 

2011; Thole et al. 2012), which facilitate their transformation into algal symbionts. As a 

matter of fact, genus Phaeobacter was found in this study associated with Skeletonema 

marinoi, known to produce secondary metabolites such as PUAs. Prokaryotes of this genus 

have been shown to utilize diatom metabolites, exhibiting also strong attachment to the 

diatom phycosphere (Shibl et al. 2020). Another member of Rhodobacteraceae found 

attached to Skeletonema tropicum (strain 2) was Thalassobius sp., with the potential ability 

to degrade polycyclic aromatic hydrocarbons (Rodrigo-Torres et al. 2017). Strains of this 

genus have also been associated with organic matter-enriched waters (McCarren et al. 2010; 

Bacosa et al. 2015) and an isolate was shown to be able to degrade phthalates (Iwaki et al. 

2012). Rhodobacteraceae also changed in relative abundance during the course of the 

experiment and showed different proportions in the two diatom species and also between the 

two different strains of Skeletonema tropicum. In fact, in strain 1 of Skeletonema tropicum 

they were present in a low percentage, while in strain 2 and in Skeletonema marinoi 

Rhodobacteraceae increased over time becoming the main component of the PA prokaryotic 

community, suggesting that these microalgae could secrete a greater amount of more 

complex molecules (i.e., more EPS or PUAs in Skeletonema marinoi) and that the known 

ability of these prokaryotes to metabolize these molecules could be the reason why they were 

found attached to diatoms and were more abundant in these two algal cultures. 

Members of Gammaproteobacteria were found as biomarkers of FL but they are also present 

in PA communities, confirming their widespread presence in association with algae in the 

field and in cultures. In Skeletonema tropicum strain 2 and Skeletonema marinoi cultures, 

genus Pseudohongiella (of the Oceanospirillales order) was found in the FL community, 

while in Skeletonema tropicum strain 1, genus Marinobacter was found associated to the 

diatom. It is well known that the Gammaproteobacteria have higher nutrient requirements, 

and are often attached to particles to prevent/scape nutrient-depleted conditions (Crespo et 

al. 2013), but it has also been shown that members of Oceanospirillales grow much better in 

the surrounding water, in low-nutrient synthetic medium than other Gammaproteobacteria 

(Pernthaler et al. 2001). This could explain the presence of Oceanospirillales members in the 

FL component as in the exponential phase, and especially in the stationary phase, an 

imbalance of nutrients can occur, as shown, for instance, in Skeletonema marinoi, where in 

the conventional f/2 medium, cells reach the stationary phase in parallel with depletion of P 

and/or Si (Orefice et al. 2019). 
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Within the Betaproteobacteria, clade OM43, that belongs to family Methylophilaceae, was 

detected in FL communities in Skeletonema tropicum strain 1. A pattern that concurs with 

what was reported by Schäfer et al. (2002), who found Betaproteobacteria as ‘satellite’ 

prokaryotes in cultures of Chaetoceros socialis and Asterionella glacialis. In most cases, 

this group is present in low abundances or is not detectable and therefore has not been 

considered as a typical member of marine bacterioplankton (Glöckner at al. 1998; Nold et 

al. 1998). 

Members of Bacteroidetes were found in both PA and FL prokaryotic communities. Genus 

NS3a marine group (belonging to family Flavobacteriaceae) in Skeletonema marinoi, and 

genus Fabibacter (belonging to class Sphingobacteriia) in Skeletonema tropicum (strain 2) 

were detected in FL prokaryotic communities. Instead, genus Aquibacter 

(Flavobacteriaceae) was found in the PA prokaryotic communities of Skeletonema tropicum 

strain 1. As shown in other studies (Kirchman, 2002; Alonso et al. 2007) Flavobacteriaceae 

are able to adopt both lifestyles, FL and PA, and they might play an important role in the 

degradation of complex polymeric organic matter. 

In general, the PA and FL bacterial communities of the two strains of Skeletonema tropicum 

were different and this is apparent at the family level, and more remarkably at the genus 

level, as identified by the LEfSe analysis. Furthermore, the prokaryotic communities present 

in Skeletonema tropicum differed not only between the two strains but also with those 

present in cultures of Skeletonema marinoi. This result supports the initial hypothesis of this 

study that different sites (Gulf of Naples vs North Adriatic Sea) and different seasons are 

characterized by different prokaryotic communities, both in the FL and PA fractions, as 

shown also by Gilbert et al. (2009, 2012) in the Western English Channel. 

In conclusion, our results show that: 

1) FL and PA comprised different types of prokaryotes, as shown by the little overlap 

in ASVs between the two communities. Rhodobacteraceae are confirmed as a 

common diatom-associated group, as reported by other authors. 

2) PA and FL communities differed between diatom species and between strains of the 

same diatom species. This possibly indicates that the initial communities, specific of 

the different sampling sites and seasons, strongly determine further evolution in 

terms of community composition. 

3) In Skeletonema marinoi, PA and FL communities did not change over time, while 

the opposite was true in Skeletonema tropicum, where PA communities varied over 

time, and FL ones remained stable. This suggest that some factor (secondary 
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metabolites such as PUAs, quality and quantity of DOM released or other unknown 

ones) influence the PA prokaryotic community. 

4) Ideally, it would have been ideal to isolate both diatoms at the same time, in order to 

demonstrate that differences were not due to the resident prokaryotic community 

present at the time. This was not possible, as Skeletonema marinoi is rarely observed 

in the Gulf of Naples and viceversa. Further studies on PUA and non-PUA producing 

diatom species will be pursued in the future. 
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CHAPTER 4 

Time variability of free-living and 

particle-attached prokaryotes 
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4.1 Seasonality of the composition of free-living and particle-attached prokaryotes in a 

coastal Mediterranean bay 

 
4.1.1 Introduction 

The Gulf of Naples is a coastal embayment, located along the western coast of Italy 

in the Mid Tyrrhenian Sea, with an extension of ca 870 km2 and an average depth of 170 m. 

This semi-enclosed basin presents complex hydrological and dynamical features due to its 

intricate bottom topography and the alternation of different water masses during the year 

(Cianelli et al. 2012; Iermano et al. 2016; Falco et al. 2016). In fact, the area is heavily 

influenced by the land runoff from a very densely populated region, but, in contrast to other 

coastal sites, riverine inputs are of low magnitude and highly intermittent and salinity rarely 

goes below 37.5 (Zingone et al. 2010). In addition, the inner area of the gulf is strongly 

coupled with the offshore waters of the Tyrrhenian Sea (Ribera et al. 2004). The close 

proximity of oligotrophic offshore waters to the coastline results in the coexistence of two 

subsystems: a eutrophic coastal zone and an oligotrophic zone quite similar to the offshore 

Tyrrhenian waters (Carrada et al. 1980). The location and width of the boundary between 

the two subsystems are variable over the seasons (Carrada et al. 1980, 1981; Marino et al. 

1984) and highly dynamic water mass distributions may enhance the exchanges between the 

two subsystems (Casotti et al. 2000). Previous studies have, in fact, revealed that the 

boundary between the two subsystems is subject to a seasonal shift, being closer to the coast 

in summer and displaced offshore in winter (Carrada et al. 1980; Marino et al. 1984; Zingone 

et al. 1990); the surface circulation and the associated transport processes present a marked 

seasonal signature as well (Menna et al. 2007; Uttieri et al. 2011; Cianelli et al. 2012, 2015). 

A high temporal and spatial variability of physical and chemical parameters 

characterizes the inner Gulf, off the city of Naples. A specific feature of phytoplankton in 

this system is the occurrence of intense diatom blooms in late-spring and summer, besides 

the typical seasonal peaks in late-winter/spring and autumn (Marino et al. 1984; Zingone et 

al. 1990; Ribera d’Alcalà et al. 2004; Zingone et al. 2010). The autumn bloom in October-

November has been associated with calm and stable weather conditions, known as “St. 

Martin’s Summer”, which are frequently recorded in that period of the year (Zingone et al. 

1990). The fall and winter blooms sustain plankton productivity in the Gulf of Naples during 

the summer (D’Alelio et al. 2016). In spite of the variability, several phytoplankton species 

are known to present recurrent patterns in their annual occurrence (D’Alelio et al. 2010). 
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The Long-Term Ecological Research Station MareChiara (LTER-MC, 40°48.5' N, 

14°15' E) is located two nautical miles from the coastline, over the 75 m isobath (Fig. 4.1.1), 

at the border between the coastal eutrophic system influenced by land runoff and the offshore 

oligotrophic waters characteristic of the southern Tyrrhenian Sea. LTER-MC belongs to the 

Italian (LTER-Italia), European (E-Europe) and International (I-LTER) networks of Long-

Term Ecological Research and is one of the few Mediterranean sites for the regular 

monitoring of marine plankton. At LTER-MC, basic hydrographic parameters, such as 

temperature, salinity, chlorophyll a as well as the species composition of plankton 

communities have been determined, bi-weekly from 1984, and on a weekly basis since 1994 

(Ribera d’Alcalà et al. 2004). 

 
Figure 4.1.1 The Gulf of Naples and the location of the LTER-MC station (Tesson et al. 2014). 

The prokaryotic communities, either attached to particles (PA) or free-living (FL), 

were analyzed with the aim of investigating: 

- Whether FL and/or PA prokaryotes would vary during the year as a function of 

surrounding environmental factors of phytoplankton species present. 

- The role of environmental factors on lifestyle. 

- Whether specific association between prokaryotic groups and phytoplankton species 

exists. 
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4.1.2 Materials and Methods 

This chapter presents results from samples collected at the LTER-MC monthly from 

October 2017 to October 2019 and weekly between April and May 2018 (during the spring 

bloom). 

Samples for physicochemical parameters (i.e., temperature and salinity), chlorophyll 

a, prokaryotes concentrations, phytoplankton concentrations, SEM analyses were collected 

and analyzed following the procedures indicated in Chapter 2. Estimations of prokaryotic 

coverage on diatoms (prokaryotes per diatom cell) were done by SEM on samples collected 

with a 20 μm mesh-size phytoplankton net, to allow for more concentrated populations. 

Phytoplankton counts were obtained on formalin/fixed samples using the Uthermöl method 

(Utermöhl, 1958), and were kindly provided by Dr. D. Sarno of MOTAX of SZN. 

Samples for DNA extraction and subsequent sequencing from October 2017 to September 

2018 were taken from the net samples (20 µm mesh size) fixed with 37% formaldehyde 

(1.6% final concentration). Since the net sample was recovered from the net by diluting with 

natural seawater, these samples contained both concentrated phytoplankton as well as free 

prokaryotes from the seawater. 20 ml were filtered on 3.0 μm and 0.22 μm filters in sequence 

(Whatman-Nucleopore and Millipore-GSWP respectively) using a Swinnex filter holder 

system, then rinsed with sterilized Milli Q water, in order to collect both the PA fraction (on 

3.0 µm) and the FL fraction (on the 0.22 µm filter). DNA samples from October 2018 to 

October 2019 were obtained with Niskin bottles and immediately filtered and processed as 

indicated in the Materials and Methods (Chapter 2). DNA extraction was performed with 

Qiagen DNeasy Blood and Tissue Kit as described in Materials and Methods 2.4.1.1. For 

the sequence analyses see Materials and Methods 2.4.4. 

Considering this difference in processing and origin of the samples, the two datasets have 

been treated separately, and results will be presented as two separate subsets. 

Bipartite networks from 2017-2018 data were generated using the CoNet application 

(Faust et al. 2016) tool within Cytoscape software (version 3.8.0) and networks were 

constructed following the parameters suggested by the authors in the tutorial 

(http://psbweb05.psb.ugent.be/conet/microbialnetworks/conet.php). 

In order to determine which prokaryotes appear associated to the diatom species, we 

constructed a network that was first visualized in Cytoscape, and then the results were also 

summarized using the Circos online software (Krzywinsk et al. 2009). A bipartite graph uses 

two disjoint datasets and one dataset was the normalized ASVs table of attached prokaryotes 
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with total abundances >10 reads, and the other was the normalized (relative abundance) table 

of cell abundances of all the Chaetoceros spp. present in all samples. 
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4.1.3 Results 

4.1.3.1 MC sampling from October 2017 to September 2018 

Physico-chemical parameters and chlorophyll a concentrations 

The temperature variation in surface waters followed the typical seasonal trend, with 

the highest values in July and August (28.0°C and 26.4°C, respectively) and the lowest 

during February (13.8°C) (Fig. 4.1.2a). Salinity values ranged between 36.939 psu in June 

and 38.248 psu in October (Fig. 4.1.2b). 

Surface chlorophyll a ranged from 0.28 (September) to 3.41 (April) μg l-1, with another peak 

in January (3.38 μg l-1) (Fig. 4.1.2c). 



 77 

 
Figure 4.1.2 Surface variation of a) temperature, b) salinity and c) chlorophyll a at the LTER-MC 
from October 2017 to September 2018. 



 78 

Phytoplankton abundance and taxonomical composition 

Total phytoplankton concentrations ranged between 4.70 x 102 (November) and 2.42 

x 104 cell ml-1 (June). The most abundant groups were the flagellates (< 20 µm in size), 

followed by diatoms (Fig. 4.1.3). The trend of phytoplankton abundances did not match the 

one of total chlorophyll a, due to different species composition within the phytoplankton at 

different sampling dates. For instance, January 30th and April 12th showed dramatically 

different cell numbers but similar chlorophyll a values. In January, the diatom composition 

was dominated by fewer but larger diatoms and also dinoflagellates, with a relatively high 

chlorophyll a content. In April, the community was dominated by small diatoms, accounting 

for much higher total phytoplankton concentration but similar chlorophyll a content. The 

same was observed at later dates (Dr. Diana Sarno, pers. comm.). 

Within diatoms, Chaetoceros was almost always the dominant genus (between 1.1% and 

92.4% of total diatoms), except in October 2017 where centric diatoms < 5 µm prevailed 

(45.9%), June and July 2018 where Thalassiosira spp. and Leptocylindrus spp. were also 

abundant with 34.2% and 42.4%, respectively, and September 2018 where the dominant 

species was Haslea spp. (53.4%, Table 4.1.1). 

 

 
Figure 4.1.3 Abundance (cell ml-1) of the different phytoplankton groups present at the LTER-MC 
during the sampling year 2017-2018. 
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Table 4.1.1 Percentage composition of the diatoms at the LTER-MC station during October 2017-
September 2018. 

 

Heterotrophic prokaryotes distribution 

Average heterotrophic prokaryotic abundance, at the surface, amounted to 1.6 x 106 

± 7.7 x 105 cell ml-1. They presented two peaks in January and February with 3.1 and 2.7 x 

106 cell ml-1 and smaller peaks in April (with 2.2 and 1.9 x 106 cell ml-1) and May (with 2.2 

x 106 cell ml-1), while they were less abundant in December and March with 3.7 and 6.7 x 

105 cell ml-1, respectively (Fig. 4.1.4). 

 
Figure 4.1.4 Surface distribution of total heterotrophic prokaryotes abundance (cell ml-1) at the 
LTER-MC from October 2017 to September 2018. 

Heterotrophic prokaryotes were significantly negatively correlated to salinity (p= 

0.05) and positively to chlorophyll a (p= 0.04). 

The average HNA concentration was 1.2 x 106 ± 7.1 x 105 cell ml-1, ranging between 57% 

and 89% of the total prokaryotes, while the average LNA concentration was 3.5 x 105 ± 1.1 

x 105 cell ml-1, ranging between 11% and 43%. 
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Quantification of diatom-attached prokaryotes 

Very few prokaryotes were observed attached to diatom cells, whose surface 

appeared always smooth and devoid of any attached particles (Fig. 4.1.5). 

 
Figure 4.1.5 SEM images of the most common diatom cells present at the LTER-MC station during 
the sampling year 2017-2018. a) Thalassiosira sp., b) Chaetoceros sp., c) Skeletonema sp., d) Pseudo 
nitzschia sp.. 

The most abundant diatom genus was Chaetoceros onto which very few attached 

prokaryotes could be observed, ranging from 0.0 to 0.4 prokaryotes per diatom cell, with 

two peaks, one in February and the second one in June (Fig. 4.1.6). 

 

a b

c d
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Figure 4.1.6 Prokaryotic coverage (bacteria per diatom cell-1) on Chaetoceros spp. from October 
2017 to September 2018. 

Aggregated prokaryotes were observed only in January and February (Fig. 4.1.7a/b) 

and the most abundant prokaryotic morphotype found was rod-shaped bacillus (Fig. 4.1.8). 

 
Figure 4.1.7 SEM images of Chaetoceros sp. with prokaryotic aggregates (red ovals), collected at 
the LTER-MC station in January and February 2018. 

a b
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Figure 4.1.8 SEM images of Chaetoceros cell with some rod-shaped bacilli attached (red ovals). 

 

Prokaryotic taxonomical diversity from 16S rDNA gene sequencing 

We sequenced all samples in two fractions (FL, 0.2 µm- 3.0 µm and PA, 3.0 µm- 

whole). After normalization, the dataset contained 1567 ASVs and 92670 sequences. FL and 

PA shared 14.9% of the total ASVs, whereas 22.8 % were exclusive of PA and 62.3 % of 

the FL community (Fig. 4.1.9). 
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Figure 4.1.9 Venn diagram indicating the ASV distribution between the two fractions: Free-Living 
(FL, yellow) and Particle-Attached (PA, blue). 

Rarefaction curves computed for PA and FL samples showed that all samples reached 

an asymptote, indicating a reasonable sampling depth of the 16S rRNA gene (Fig. 4.1.10). 

The FL communities (green) had higher richness than the PA communities (red). 

 
Figure 4.1.10 Rarefaction curves (1000 randomizations) for PA (red) and FL (green) prokaryotes in 
the 2017-2018 sampling year. 
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Wilcoxon tests showed significantly higher values in alpha-diversity indices, 

Observed ASVs, Shannon and Chao1 in the FL communities than in the PA ones (Fig. 

4.1.11). Furthermore, the alpha diversity values in the PA communities were more 

homogeneous (interquartile range= 0.15) than in FL communities (interquartile range= 

0.35). 

 
Figure 4.1.11 a) Observed ASVs b) Shannon and c) Chao I in FL (green) and PA (red) prokaryotes. 
Upper and lower lines correspond to the first and third quartile of the distribution of values, while 
the horizontal lines show the median values. 

A cluster analysis confirmed a separation between FL and PA in terms of community 

composition (Fig. 4.1.12). Both communities were divided into two different groups, based 

on seasonality and one group of the FL fraction was more similar to the PA communities 

(winter-early spring), while the second group was much more separate (spring-summer). 

October FL and PA communities were not connected to the main clusters but formed a 

separate extra group (green rectangle). 
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Figure 4.1.12 Hierarchical clustering based on the Bray-Curtis dissimilarity matrix. Yellow squares 
delimitate FL communities. Red squares delimitate PA communities. Both fractions were split into 
two groups, based on the seasons. Green square delimitates October FL and PA communities. 

An ANOSIM test (Fig. 4.1.13) highlighted the dissimilarity between FL and PA 

communities (R= 0.581, p-value= 0.001). 

 
Figure 4.1.13 Dissimilarity plots within and between FL and PA communities, based on the 
ANOSIM test. 
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A PERMANOVA test (ADONIS function) using Bray-Curtis dissimilarity, indicated 

that lifestyle (R2= 0.185 p= 0.001), temperature (R2= 0.072, p= 0.004) and salinity (R2= 

0.064, p= 0.005) were the significant factors confirming the differences between the FL and 

PA communities. On the other hand, chlorophyll a was not a statistically significant factors, 

with R2= 0.029 and p= 0.287. 

A canonical correspondence analysis (CCA), showed that temperature was the 

environmental factor that governed prokaryotic community structure in summer (from June 

to September), while salinity influenced prokaryotic communities in the autumn (October 

and November) (Fig. 4.1.14). 

 
Figure 4.1.14 CCA ordination plot depicting the relationship between environmental parameters and 
prokaryotic community structure, FL vs PA, during the year 2017-2018. 

 

Taxonomic composition 

The total FL and PA communities were dominated by Proteobacteria, Bacteroidetes 

and Firmicutes, representing 40.1%, 34.3% and 7.5% of the total reads, respectively (Fig. 

4.1.15). PA prokaryotes were also characterized by Deinococcus-Thermus, representing 

11.1% of the community; FL prokaryotes, instead, were characterized by an increase in 

Euryarchaeota from April to October, representing 7.8% of the total reads. 
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Figure 4.1.15 Taxonomic composition (at the phylum level) of FL and PA prokaryotes (left and right 
bars, respectively). The histograms show only phyla with abundances ≥ 1%. Phyla with abundances 
< 1% are grouped and represented in grey (< 1%). 

These phyla were analysed at a finer level (order for Proteobacteria and family for 

Bacteroidetes). 

PA and FL Proteobacteria appeared dominated by the Sphingomonadales order (16.7% and 

11.6%, respectively) (Fig. 4.1.16a). Furthermore, PA communities were also dominated by 

Betaproteobacteriales (11.5%), Xanthomonadales (10.3%) and Pseudomonadales (4.2%) 

orders. Within FL communities, instead, Betaproteobacteriales represented 7.6%, followed 

by Rhizobiales (3.1%), Parvibaculales (2.5%), SAR11 (1.5%) and Oceanospirillales (0.6%). 

Bacteroidetes PA and FL were, instead, dominated by Balneolaceae (7.5% and 59.6%, 

respectively) and Cyclobacteriaceae (4.1% and 18.5%, respectively) (Fig. 4.1.16b). In the 

PA communities, it was possible to also observe an increase in Chitinophagaceae (1.8%) 

and Spirosomaceae (0.6%) during the year. In the FL communities, instead, 

Flavobacteriaceae (2.9%) and Chitinophagaceae (2.0%) could be observed. 
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Figure 4.1.16 Taxonomic composition at order level for a) Proteobacteria phylum and family level 
for b) Bacteroidetes phylum. 

A biomarker analysis (LEfSe) showed Bacteroidetes, Thaumarchaeota and 

Euryarchaeota as indicator groups for FL, while Proteobacteria, Deinococcus-Thermus and 

Firmicutes as indicator groups for PA communities (Fig. 4.1.17). 

Within the Bacteroidetes phylum, it was possible to identify as indicators for FL 

communities the Rhodotermia class belonging to the Balneolaceae family (Gracilimonas 

and Balneola genera) and the Bacteroidia class belonging to the Cyclobacteriaceae family 
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(Marinoscillum and Ekhidna genera). Within the Thaumarchaeota and Euryarchaeota phyla, 

Candidatus Nitrosopumilus genus (of the Nitrosopumilaceae family) and the Marine group 

II order in the Thermoplasmata class were identified as indicators for FL communities. 

In the PA fraction, and within Proteobacteria, it was possible to identify as indicators of the 

PA fraction the Sphingomonadales order in the Alphaproteobacteria class (Sphingobium 

genus), 4 different orders in Gammaproteobacteria: Betaproteobacteriales (Methyloversatilis 

and Dechloromonas genera of the Rhodocyclaceae family), Gammaproteobacteria Incertia 

Sedis (Candidatus Berkiella genus), Pseudomonadales (Acinetobacter genus of the 

Moraxellaceae family) and Xanthomonadales (Vulcaniibacterium genus of the 

Xanthomonadaceae family). Within Firmicutes, it was possible to identify as indicator for 

PA communities the genera Anoxibaccilus and Geobacillus (in the Bacillaceae family), 

while in Deinococcus-Thermus, the Meiothermus genus of the Thermaceae family. 

 
Figure 4.1.17 LEfSe analyses (LDA >4; p= 0.05) illustrate the taxonomic groups that statistically 
differentiate FL (green) and PA (red) lifestyles using the prokaryote ASVs table. On the right the list 
of taxa represented in a taxonomic hierarchical cladogram. 

Since this dataset (as opposite to the following one) was obtained from net samples 

(see Materials and Methods), it was reasonable to assume that it contained the prokaryotes 

associated mainly to phytoplankton which were mostly diatoms (as also confirmed by 

microscopic analysis), excluding particles of smaller sizes (< 20 µm, which is the mesh size 
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of the net used). This allowed performing a bipartition network analysis to explore possible 

links between prokaryotic and Chaetoceros species. This analysis highlighted the presence 

of 6 different networks (Fig. 4.1.18). Three networks are constituted by a single species each 

of Chaetoceros that interact with specific ASVs (C. vixvisibilis, C. tenuissimus, C. simplex). 

In contrast, the other 3 networks include multiple species of Chaetoceros (C. 

pseudocurvisetus and C. diadema) (C. curvisetus and C. single-sp1) (C. protuberans, C. 

decipiens and C. affinis) which have close relationships with specific ASVs, but also with 

prokaryotic ASVs common to the other species. 

 
Figure 4.1.18 6 Networks generated by bipartition network analysis between Chaetoceros species 
(grey ovals) and the prokaryotic communities. Chaetoceros species are shown in grey ovals, 
prokaryotic phyla are classified by colours as shown in the blue square. 

Taxonomical overviews of prokaryotic taxa occurring in Chaetoceros species were 

explored using relative abundances (Fig. 4.1.19a) and the number of ASVs (Fig. 4.1.19b). 

Some prokaryotic phyla, such as Proteobacteria (10 ASVs corresponding to 3611 reads) and 

Bacteroidetes (10 ASV corresponding to 1602 reads) co-occurred with all Chaetoceros 

species. Other phyla, such as Firmicutes (8 ASVs corresponding to 592 reads) and 

Actinobacteria (7 ASVs corresponding to 465 reads) co-occurred with all diatom species, 

except with C. tenuissimus and C. simplex (Firmicutes) and C. affinis, C. decipiens and C. 

protuberans (Actinobacteria). 

Other prokaryotic phyla, instead, co-occurred with a few species, in particular Spirochaetes 

and Planctomycetes (3 ASVs corresponding to 223 and 305 reads, respectively, co-occurred 
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with C. curvisetus, C. single_sp1 and C. vixvisibilis), Deinococcus-Thermus (4 ASVs 

corresponding to 117 reads, of which 1 co-occurred with C. vixvisibilis, 1 with C. affinis, 1 

with C. decipiens and another with C. protuberans), Euryarchaeota (3 ASVs corresponding 

to 485 reads, that co-occurred with C. vixvisibilis, C. tenuissimus and C. simplex) and 

Dependentiae (3 ASVs corresponding to 206 reads, of which 1 co-occurred with C. 

curvisetus, 1 with C. single_sp1 and the last with C. pseudocurvisetus). 

Finally, in some cases other rare prokaryotic taxa appeared diatom-specific, such as WPS 

which co-occurred with C. simplex, Cyanobacteria that co-occurred with C. 

pseudocurvisetus, FBP which co-occurred with C. vixvisibilis and Dadabacteria that co-

occurred with C. simplex. 
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Figure 4.1.19 Circos representations of co-occurrences between the various Chaetoceros species and 
prokaryotic phyla, based on a) read abundance, b) incidence (number of ASVs). 
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4.1.3.2 MC sampling from October 2018 to October 2019 

Physico-chemical parameters and chlorophyll a concentrations 

Surface temperature was highest in June and July (25.9°C and 26.4°C, respectively) 

and lowest in February and March (13.8°C and 14.2°C, respectively) (Fig. 4.1.20a) with the 

peak shifted one month earlier with respect to the previous year. Salinity values ranged 

between 37.115 psu in June and 38.007 psu in October (Fig. 4.1.20b), slightly lower than in 

2017-2018 but occurring in the same months. Surface chlorophyll a ranged from 0.19 (July) 

to 4.05 and 3.76 μg l-1 in June and September, respectively (Fig. 4.1.20c). Comparatively, 

chlorophyll a showed less marked oscillations in the winter time than the preceding year and 

more dramatic oscillations in the summer (both lowest and highest value in this season). 
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Figure 4.1.20 Surface variation of a) temperature, b) salinity and c) chlorophyll a at the LTER-MC 
from October 2018 to October 2019. 
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Nano- and microphytoplankton abundance and taxonomical composition 

Nano- and microphytoplankton concentrations ranged between 5.24 x 102 

(December) and 3.00 x 104 cell ml-1 (June). The most abundant groups were the flagellates 

(< 20 µm in size), followed by diatoms (Fig. 4.1.21), similarly to the preceding year but with 

slightly lower values. 

Within diatoms, Chaetoceros spp. were dominant from October 2018 to February 2019 and 

in May and June 2019, ranging between 51.7% and 90.5% of the total diatoms, 

Leptocylindrus spp. prevailed between July and October 2019, ranging between 36.1% and 

80.2%, Thalassiosira spp. was abundant in March 2019 with 62.8%, and Pseudo nitzschia 

spp. was the dominant species in April with 54.5% (Table 4.1.2). 

 
Figure 4.1.21 Abundance (cell ml-1) of the different groups of nano and microphytoplankton present 
at the LTER-MC station during the sampling year 2018-2019. 

Table 4.1.2 Percentages of the most abundant diatom species at the LTER-MC station from October 
2018 to October 2019. 

 

 

Heterotrophic prokaryote abundances 

At the surface, average heterotrophic prokaryotes accounted for 1.4 x 106 ± 6.7 x 105 
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and showing two minor peaks in June and February with 2.2 and 1.6 x 106 cell ml-1, while 

they were less abundant in January and July with 6.6 and 7.5 x 105 cell ml-1 (Fig. 4.1.22). 

 
Figure 4.1.22 Surface distribution of total heterotrophic prokaryotes (cell ml-1) at the LTER-MC from 
October 25th, 2018 to October 08th, 2019. 

The abundance of heterotrophic prokaryotes was positively correlated with chlorophyll a 

(p= 0.04). The average HNA concentration was 8.0 x 105 ± 4.7 x 105 cell ml-1, ranging 

between 43% and 72% of the total prokaryotes, while the average LNA concentration was 

6.3 x 105 ± 2.6 x 105 cell ml-1, ranging between 28% and 57%. 

 

Quantification of diatom-attached prokaryotes 

Again, very few prokaryotes were observed attached to diatom cells and on the most 

abundant diatom genus, Chaetoceros, this value ranged from 0.0 to 0.35 prokaryotes per 

diatom cell, with a main peak in September and two minor peaks in March and June (Fig. 

4.1.23). 
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Figure 4.1.23 Prokaryotic coverage (bacteria per diatom cell-1) on Chaetoceros spp. from October 
25th, 2018 to October 08th, 2019. 

The most abundant prokaryotic morphotype observed was rod-shaped bacillus (Fig. 

4.1.24a/b), while some cocci-like spherical cells were also observed (Fig. 4.1.24c). 
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Figure 4.1.24 SEM images of Chaetoceros cells with some prokaryotes attached, a) and b) rod-
shaped bacilli (red ovals), c) cocci-like spherical prokaryotes (yellow ovals). 

a

b

c
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Prokaryotic taxonomical diversity by 16S rDNA gene sequencing 

The dataset, after normalization, contained 11,624 ASVs and 111,043 sequences. FL 

and PA communities shared 7.6% of the total ASVs, whereas 52.6 % were exclusive of PA 

and 39.8 % of FL communities (Fig. 4.1.25). 

 

Figure 4.1.25 Venn diagram showing ASVs distribution between the two fractions: Free-Living (FL, 
yellow) and Particle-Attached (PA, blue). 

Rarefaction analysis showed that all PA and FL samples have reached an asymptote, 

and the two fractions show comparatively similar richness (Fig. 4.1.26). 
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Figure 4.1.26 Rarefaction curves (from 1000 randomizations) for PA (red) and FL (green) 
prokaryotic communities in the 2018-2019 sampling year. 

 
Richness and diversity of the FL and PA communities were not significantly different 

(Wilcoxon test p= 0.8 for Observed ASVs and Chao1; p= 1 for Shannon index) (Fig. 4.1.27). 
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Figure 4.1.27 a) Prokaryotic richness as observed ASVs b) Shannon and c) Chao1 in FL (green) and 
PA (red) prokaryotic communities. The upper and lower lines correspond to the first and third 
quartile of the distribution of values, while the horizontal lines indicate the median values. 

Cluster analysis showed a separation between FL and PA communities based on the 

seasons (Fig. 4.1.28). The signal of seasonality was more evident for the FL communities 

which formed three separate groups: one including summer samples, one for late-winter and 

spring samples and the last one for winter-autumn samples. For the PA communities, 

seasonality was more evident in autumn and winter, while in the other groups, late-

winter/spring and summer, the PA samples grouped with the corresponding FL samples of 

the same season. The samples of September 30th and July 22th were connected to the main 

clusters, but with high dissimilarity values (> 0.95). 



 102 

 
Figure 4.1.28 Hierarchical clustering based on the Bray-Curtis dissimilarity matrix. Yellow squares 
delimitate FL communities. Red squares delimitate PA communities. Both fractions were split based 
on the seasons. 

An ANOSIM test (Fig. 4.1.29) indicated that the differences between FL and PA 

communities were significant, with R= 0.273 and a p-value= 0.001. 

 
Figure 4.1.29 Dissimilarity plots within and between FL and PA communities, based on an ANOSIM 
test. 

Furthermore, the ADONIS function, in a PERMANOVA analysis, indicated that 
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(R2= 0.098, p= 0.001), salinity (R2= 0.046, p= 0.09) and chlorophyll a (R2= 0.052, p= 0.07), 

were significant factors in determining difference between communities. 

A multivariate CCA analysis showed that all parameters similarly influenced the prokaryotic 

community structure during the year, but only in a small percentage (Fig. 4.1.30). 

Temperature affected prokaryotic communities in summer (June and July), salinity in late-

winter and early-spring (from February to April), whereas chlorophyll a was the 

environmental factor that governed the communities in September and October 2018 and 

October 2019. 

 
Figure 4.1.30 CCA ordination plot depicting the relationship between environmental parameters and 
prokaryotic community structures, during the year 2018-2019. 

 

Taxonomic composition 

The total FL and PA prokaryotic communities were dominated by Proteobacteria and 

Bacteroidetes representing 45.2%, 33.1% of the total, respectively (Fig. 4.1.31). PA 

prokaryotes were also characterized by Firmicutes (which strongly increased in July) and 

Planctomycetes, representing 4.2% and 3.0% of the total, respectively. Winter (December, 

January and February) communities were characterized by an increase of Marinimicrobia in 

the FL community, possibly due to intrusions of offshore waters. 
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Figure 4.1.31 Taxonomic composition (at the phylum level) of the FL and PA prokaryotic 
communities (left and right bars, respectively). The histograms show only phyla with abundance ≥ 
1%. The phyla with abundances < 1% are grouped and represented in grey (< 1%). 

At a finer taxonomic level, the Proteobacteria phylum was dominated by the 

Rhodobacterales order, both in the PA and FL fraction, representing 7.9% and 14.9% of the 

reads. The PA were also dominated by Betaproteobacteriales and Sphingomonadales (with 

3.5% and 2.0%, respectively). The FL were, instead, dominated by the SAR11 clade with 

9.7% and Oceanospirillales with 5.3% (Fig. 4.1.32a). 

Within Bacteroidetes, the most abundant family was Flavobacteriaceae, representing 16.9% 

in the PA fraction and 30.4% in the FL one. The PA community was also dominated by 

Saprospiraceae with 5.9%, while the FL one was dominated by Cryomorphaceae (4.8%), the 

NS9 marine group (3.8%) and Balneolaceae (2.8%) families (Fig. 4.1.32b). 
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Figure 4.1.32 Taxonomic composition at order level for the a) Proteobacteria phylum and family 
level for the b) Bacteroidetes phylum. 

Biomarker analysis by LEfSe showed Proteobacteria and members of Bacteroidetes 

as indicators for the FL community, while Planctomycetes, Firmicutes and members of 

Bacteroidetes as indicators of the PA communities (Fig. 4.1.33). 

Within Proteobacteria, the Alphaproteobacteria class that include SAR116 clade and SAR11 

clade (clade I and II), and the Gammaproteobacteria (Oceanospirillales order) were 

identified as FL indicators. Within Bacteroidetes, the Rhodotermia class (Balneola genus of 

25
_1
0_
18
_P
A

23
_1
1_
18
_F
L

11
_1
2_
18
_P
A

08
_0
1_
19
_F
L

12
_0
2_
19
_P
A

13
_0
3_
19
_F
L

09
_0
4_
19
_P
A

07
_0
5_
19
_F
L

21
_0
6_
19
_P
A

22
_0
7_
19
_F
L

30
_0
9_
19
_P
A

08
_1
0_
19
_F
L

25
_1
0_
18
_F
L

23
_1
1_
18
_P
A

11
_1
2_
18
_F
L

08
_0
1_
19
_P
A

12
_0
2_
19
_F
L

13
_0
3_
19
_P
A

09
_0
4_
19
_F
L

07
_0
5_
19
_P
A

21
_0
6_
19
_F
L

22
_0
7_
19
_P
A

30
_0
9_
19
_F
L

08
_1
0_
19
_P
A

Oct Nov Dec Jan Feb Mar Apr May Jun Jul Sep Oct

25
_1
0_
18
_P
A

23
_1
1_
18
_F
L

11
_1
2_
18
_P
A

08
_0
1_
19
_F
L

12
_0
2_
19
_P
A

13
_0
3_
19
_F
L

09
_0
4_
19
_P
A

07
_0
5_
19
_F
L

21
_0
6_
19
_P
A

22
_0
7_
19
_F
L

30
_0
9_
19
_P
A

08
_1
0_
19
_F
L

25
_1
0_
18
_F
L

23
_1
1_
18
_P
A

11
_1
2_
18
_F
L

08
_0
1_
19
_P
A

12
_0
2_
19
_F
L

13
_0
3_
19
_P
A

09
_0
4_
19
_F
L

07
_0
5_
19
_P
A

21
_0
6_
19
_F
L

22
_0
7_
19
_P
A

30
_0
9_
19
_F
L

08
_1
0_
19
_P
A

Oct Nov Dec Jan Feb Mar Apr May Jun Jul Sep Oct

a

b

PA     FL         PA     FL         PA      FL         PA     FL          PA      FL         PA      FL         PA      FL   PA      FL         PA      FL         PA      FL         PA      FL         PA      FL

PA     FL         PA      FL         PA      FL         PA     FL          PA      FL         PA      FL         PA      FL  PA      FL         PA      FL         PA      FL         PA      FL         PA      FL



 106 

the Balneolaceae family) and the Flavobacteriaceae family (genera NS4 marine group and 

NS5 marine group) were identified as indicators of the FL communities. 

In the PA fraction, it was possible to distinguish the Pirellulaceae family of the Pirellulales 

order in the Planctomycetes phylum. Within Firmicutes, the Ruminococcaceae and 

Lachnospiraceae families of the Clostridia class identified as PA indicators. 

Within Bacteroidetes, instead, the Saprospiraceae family (of the Chitinophagales order), the 

Bacteroidales order and the Croceitalea genus of the Flavobacteriaceae family were found 

to be indicators of the PA fraction. 

 
Figure 4.1.33 LEfSe analyses (LDA >4; p= 0.05) illustrating the taxonomic groups that statistically 
differentiated FL (green) and PA (red) lifestyles using prokaryotic ASVs table. On the right the taxa 
represented in the taxonomic hierarchical cladogram. 

The taxonomic analysis of the sampling period October 2018 - October 2019 showed 

the dominance of the same prokaryotic phyla observed in the previous sampling period, but 

with different percentage contributions to the whole communities, and above all the presence 

of different families mainly characterizing the PA communities. 
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4.1.4 Discussion 

In this work, the seasonal variability of the prokaryotic community, differentiated as 

particle-attached or free-living, was studied over two years in the Gulf of Naples, also trying 

to elucidate the role of environmental factors on prokaryotic communities. 

Environmental parameters and phytoplankton abundance and composition 

The temperature variations in the surface at LTER-MC station followed a sinusoidal 

pattern, as previously shown in Ribera d’Alcalà et al. (2004), with minimum and maximum 

in February and July, respectively, in both sampling years. The salinity maxima were 

generally recorded in October and the minima in May and June. In 2017-2018, spikes of 

lower salinity were more pronounced at the surface than the following year, possibly 

indicating lateral advection of freshwater that determined a decrease in surface salinity 

(Ribera d’Alcalà et al. 2004). Unfortunately, meteo data are not available to confirm this 

indication. 

Surface chlorophyll a concentration at the LTER-MC station showed three different 

peaks, one in winter, a second in spring-summer and the last one in autumn, in accordance 

with a previous report by Ribera d’Alcalà et al. (2004) from the same site. These peaks have 

been suggested to be driven by different biotic and/or abiotic environmental factors (Ribera 

d’Alcalà et al. 2004). The first annual bloom, that occurs in February-March, is likely driven 

by a combination of limited vertical diffusion (despite a homogeneous water column) and 

meteorological features (i.e., calm and sunny weather), and these winter blooms occur 

simultaneously at a number of coastal sites across the Mediterranean Sea (Ribera d’Alcalà 

et al. 2004). The spring-summer bloom at LTER-MC is, instead, mainly attributed to the 

lateral advection of nutrient rich freshwater with the load of allochthonous biomass from the 

littoral area, which results in the accumulation of biomass throughout the summer, 

alternating with negative peaks. This suggests that nutrient inputs from terrestrial sources, 

as well as intrusion of the oligotrophic Tyrrhenian water, are intermittent (Modigh et al. 

1985). Finally, the autumn blooms are stimulated by progressive water mixing, re-

suspending deeper nutrient rich waters alongside light conditions still favorable for net 

growth (Margalef, 1969). The autumn bloom has been reported to be attributed to the second 

peak of diatoms species, also present in spring or summer, as well as to the phytoplankton 

species that are typical of this season (Ribera d’Alcalà et al. 2004). 

Diatoms and small flagellates dominated the phytoplankton during the two sampling 

periods examined, replicating what was observed in previous studies (Scotto di Carlo et al. 
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1985; Zingone et al. 1990; Ribera d’Alcalà et al. 2004), with seasonal alternation in the 

composition (Ribera d’Alcalà et al. 2004). 

The diatom community observed was always numerically dominated by Chaetoceros spp., 

although other species were also present in this study, and with comparable concentrations. 

In fact, Zingone et al. (2019) reported of a dominance of Chaetoceros in February-March, 

followed by Skeletonema pseudocostatum and Leptocylindrus aporus dominating in spring 

whereas in summer small-sized, often non-colonial diatom species were present. In our 

sampling, Chaetoceros spp. was always present in significant concentrations, but with 

different species, also non-colonial, therefore confirming the previous reports (Zingone et 

al. 1995, 2019). 

The annual variability observed in the Gulf of Naples is also reflected by changes in 

heterotrophic prokaryotic abundance. Their abundance was comparable with that of other 

coastal sites in the Mediterranean Sea (Raveh et al. 2015) and other oceans (Zhao et al. 

2013). In general, the seasonal distribution of heterotrophic prokaryotes showed an increase 

during the warmer seasons (spring-summer) and lower abundances during the winter, as 

shown by Šantić et al. (2013) in the Adriatic Sea and by other reports on the central Adriatic 

(Krstulović, 1992; Šolić et al. 2001), with a significant positive correlation with chlorophyll 

a, due to the accumulation of phytoplankton biomass at the surface during the stratified 

period that promoted peaks of heterotrophic prokaryotes. Two more peaks in abundance, 

albeit with lower values, were recorded in January 2018 and February 2019 linked to an 

increase in chlorophyll a. 

The two prokaryotic subpopulations discriminated, HNA and LNA, showed different 

seasonal distribution at the MC station. HNA prokaryotes have been considered in coastal 

sites the metabolic active members of a given community, as they were found as responsible 

for much as 95% of total prokaryotic carbon production (Lebaron et al. 2001). The LNA 

group has been associated in coastal sites with lower metabolism, inactive, sometimes 

dormant or even dead cells (Gasol et al. 1998; Lebaron et al. 2001). Controversial results 

were obtained in oligotrophic open ocean ecosystems, where the smaller LNA cells 

represented the most active members at least in oceanic systems (Zubkov et al. 2000; Jochem 

et al. 2004). 

At the LTER-MC station, HNA cells represented significant fractions of the total 

communities, dominating the prokaryotic community almost throughout the year. It has been 

seen that the contribution of HNA prokaryotes to the heterotrophic prokaryotic population 

changes seasonally and the varying proportions of both groups presents a positive 

relationship with phytoplankton biomass (Li et al. 1995; Sherr et al. 2006). 
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Quantification of diatom-attached prokaryotes 

During the two sampling periods, very few prokaryotes attached to phytoplankton 

cells were observed, even calculating the coverage on the most abundant diatom species, 

Chaetoceros spp.. This result is in accordance with other studies that have found few 

prokaryotes attached to phytoplankton collected from the environment. An early 

investigation that quantified prokaryotic attachment to pelagic diatoms collected from 

natural samples reported few prokaryotes attached to healthy and growing phytoplankton 

with more colonization occurring when dead diatom cells appeared within the diatom chains 

(Droop and Elson, 1966). Sieburth and Pratt (1975), instead, documented the presence of 

prokaryotes attached to phytoplankton, demonstrating that multiple prokaryotes attached to 

phytoplankton were rarely observed in their natural samples collected from Narragansett 

Bay, RI, USA. Also Kaczmarska et al. (2005) found many prokaryotes attached to old or 

broken cells of the diatom Pseudo-nitzschia multiseries in cultures, but few prokaryotes 

attached to the same phytoplankton species in environmental samples, as already shown by 

Vaqué et al. 1989 and 1990. 

Seasonal variations in the composition of the FL and PA prokaryotic communities at 

the LTER-MC station were observed using high-throughput sequencing of the V4-V5 

hypervariable region of the 16S rDNA (16S rRNA gene). During the sampling period 

October 2017-September 2018, the FL fraction showed higher richness and diversity than 

the PA communities, confirming the results of other studies in the Mediterranean (Acinas et 

al. 1999; Ghiglione et al. 2007) and in other ecosystems (Hollibaugh et al. 2000; Kellogg 

and Deming, 2009). In this study, the lower diversity and richness of PA prokaryotes could 

also be due to the limited variability of the “niches” in the particles, being samples collected 

from net samples (< 20 µm), so most of the particles were likely to be phytoplankton. 

Instead, during the following sampling period, the two communities, FL and PA, were 

similar in terms of diversity and richness. This could confirm the previous hypothesis as 

these samples were taken from the Niskin bottles and, therefore, the “niche” of the particles 

could be wider and include not only phytoplankton but also other particles, as it would be 

linked to the annual variability of the composition of the particles themselves (Mestre et al. 

2017a and 2018 and 2020). 

It has been shown by several studies that prokaryotic community structure is 

influenced by factors such as nutrient availability, temperature, salinity (Bouvier and del 

Giorgio, 2002; Rieck et al. 2015) pH, or chlorophyll a concentration (Murray et al. 1998; 

Pinhassi et al. 2004). In our study, temperature, salinity and chlorophyll a (this last parameter 
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significant only for October 2018 – October 2019) accounted for a very small proportion of 

the variation observed in the prokaryotic community composition. The unexplained 

variation in the CCA is likely due to unmeasured environmental variables (i.e., nutrient data 

that are not available for this dataset) and biotic processes not considered, such as grazing 

and viral lysis, which are also known to shape prokaryotic community composition 

(Fuhrman, 1999; Cram et al. 2016). 

The prokaryotic communities were always dominated by Alphaproteobacteria and 

Gammaproteobacteria, of the Proteobacteria phylum, and Bacteroidetes, in accordance with 

other studies on marine bacterioplankton composition in the Mediterranean Sea or the 

Atlantic Ocean (Alonso-Sáez et al. 2007; Schattenhofer et al. 2009; Feingersch et al. 2010; 

Thiele et al. 2012; Luna, 2015). However, representatives of the Firmicutes phylum were 

also abundant during the course of the study mainly from April to September 2018 and with 

the highest concentration in July 2019 and this increase could be attributed to terrestrial 

inputs that usually occur at LTER-MC during the spring and summer. 

Members of Alphaproteobacteria were found both in the FL and PA fractions. The 

Sphingobium genus of the Shingomonadaceae family was found associated to particles 

during the sampling period October 2017- September 2018. Members of this family are 

common inhabitants of soil and plant rhizospheres (Semenov et al. 2020) and representatives 

of the genus Sphingobium are capable of decomposing aromatic compounds, phenols (i.e., 

nonylphenol and pentachlorophenol), herbicides and polycyclic aromatic hydrocarbons 

(Verma et al. 2014; Glaeser and Kämpfer, 2014). The SAR11 clades, instead, were found in 

the FL fraction, in accordance with different studies (Giovannoni and Vergin, 2012; Mestre 

et al. 2017b, 2020), even if some ecotypes are adapted to live attached to particles (Allen et 

al. 2012). The SAR11 clade are potentially photoheterotrophic (Gomez-Pereira et al. 2013) 

and ubiquitous in global photic zones as one of the most abundant group of prokaryotes 

(Morris et al. 2002). The high presence of SAR11 clades in the smallest size-fraction is 

understandable since members of this group are known to have a very reduced size, and 

genomic studies of the first cultured member of this clade (Pelagibacter ubique) indicate 

adaptation to a mostly FL lifestyle (Giovannoni et al. 2005). All this gives them significant 

ecological advantages even in low substrate conditions in an oligotrophic environment. 

Another prokaryotic group that presented the same pattern as SAR11 was the SAR116 clade, 

enriched mainly in the FL fraction, as showed in Mestre et al. (2017b) and Li et al. (2020). 

Members of the SAR116 specialize in inhabiting surface seawater but have also been 

recovered from the deep ocean (Li et al. 2020). 



 111 

Other FL prokaryotes present at the LTER-MC during the winter (from December to 

February) were Marinimicrobia (SAR406 clade). In the marine environment, 

Marinimicrobia is ubiquitously distributed, however its high abundance occurs always 

within the mesopelagic zones, about five times or higher than in surface ocean (Yilmaz et 

al. 2016). Genomic information indicates that although these clades have a flexible 

metabolism utilizing multiple hydrocarbon compounds, they generally lack carbohydrate-

active enzyme genes for attachment to and degradation of particulate organic matter (Peoples 

et al. 2018), consistent with their preference for a FL lifestyle rather than particle-attachment 

(Li et al. 2020). Marinimicrobia are frequently found in the mesopelagic, oxygen minimum 

zones, or oligotrophic waters, but some members have also observed correlated to 

chlorophyll a and have been speculated to benefit directly from phytoplankton exudates 

(Gordon and Giovannoni, 1996; Cram et al. 2015; Yilmaz et al. 2016). The presence of this 

clade has already been reported in the Gulf of Naples (Thiele et al. 2017) and their presence 

in the area could be due to the upwelling of deeper, oligotrophic waters induced by the 

general circulation of the Tyrrhenian Sea, as already reported in the area (Casotti et al. 2000). 

Members of Gammaproteobacteria, instead, were identified at LTER-MC station as PA 

biomarkers. They are usually retrieved from diverse marine habitats as typical PA clades 

due to their ability to utilize and degrade high molecular weight compounds (Karner and 

Herndl, 1992; DeLong et al. 1993; Pinhassi et al. 1999; Bauer et al. 2006) and the adhesion 

to particles could help them increase nutrient acquisition and thus avoid nutrient-depleted 

conditions (Crespo et al. 2013). 

The phylum Planctomycetes has been found associated to particles, almost throughout all 

the sampling year. They are known to be associated with distinct substrates, in fact they are 

described as able to attach to surfaces (Bauld and Staley, 1976) such as macroalgae 

(Bengtsson and Øvreås, 2010; Lage and Bondoso, 2011), invertebrates (Fuerst et al. 1997) 

or macroscopic detrital aggregates (Delong et al. 1993; Crump et al. 1999), where they 

contribute to biopolymer degradation (Woebken et al. 2007), which may explain their clear 

preference for particle size-fractions. Many studies have reported high abundances of 

Planctomycetes following algal blooms (Janse et al. 2000, Brümmer et al. 2004; Eiler and 

Bertilsson 2004; Ward et al. 2006; Tadonléké 2007; Pizzetti et al. 2011). 

Members of the Bacteroidetes phylum are known to represent one of the most abundant 

groups of prokaryotes in coastal pelagic habitats and can be found free-living or associated 

with organic particles (Alonso et al. 2007). Phylum Bacteroidetes has been known to contain 

heterotrophic prokaryotes with capacity for adhesion to particles (Williams et al. 2012) and 

production of extracellular enzymes with degradative capabilities (Kirchman, 2002), which 

allow them to have an important role during algal blooms (Buchan et al. 2014). Members of 
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the Saprospiraceae family, for instance, have demonstrated ability to hydrolyze and utilize 

complex carbon sources (Jain et al. 2019) and a recent study demonstrated a link between 

colonization and degradation of alginate-particles by members of Cryomorphaceae and 

Saprospiraceae in coastal waters of California (Mitulla et al. 2016). Therefore, the PA 

prokaryotic community is highly enriched with groups well known for complex 

carbohydrate degradation in the marine environment (Jain et al. 2019). 

However, some Bacteroidetes have the capacity to survive as FL in presence of low levels 

of nutrients and the presence of light, thanks to the proteorhodopsin gene (González et al. 

2008). Among the Flavobacteriaceae family, the NS4 and NS5 groups were enriched in the 

FL community, while other Flavobacteriaceae (Croceitalea genus) were enriched on 

particles. Flavobacteriaceae are well known colonizers and degraders of phytoplankton-

derived POM and polymeric DOM and occur as PA as well as FL prokaryotes (Simon et al. 

1999; Abell and Bowman, 2005; Schattenhofer et al. 2009; Teeling et al. 2012; Buchan et 

al. 2014; Milici et al. 2016a; Teeling et al. 2016). Therefore, it appears clear that some 

lineages have evolved a PA lifestyle whereas others exhibit a FL lifestyle as also shown in 

other studies (Fernandez-Gomez et al. 2013). 

Members of the Deinococcus-Thermus belonging to the Thermaceae family were identified 

as PA biomarkers. These prokaryotes are known for their resistance to extreme stress 

including radiation, oxidation, dessication and high temperature (Tian and Hua, 2010). 

Members of this phylum were found associated to algal blooms in other studies (Zheng et 

al. 2020) where, for instance, Deinococcus–Thermus in the phycosphere of Euglena 

sanguinea found a suitable microenvironment for growth in high light stressed conditions. 

Archaea have shown a preference for the FL lifestyle. The Nitrosopumilaceae family of the 

Thaumarchaeota phylum is one of the most abundant chemolithoautotrophs in the dark ocean 

(Konneke et al. 2005), responsible for much of the ammonia oxidation in this environment 

with their common metabolism of aerobic ammonia oxidation (Li et al. 2020). This family 

generally exhibit a FL preference, as shown in this work, and usually is the prevalent 

archaeal taxa in FL fractions below the euphotic zone (Smith et al. 2013; Salazar et al. 2015; 

Tarn et al. 2016). The marine group II (MGII) of the Euryarchaeota phylum have a wide 

distribution in the open ocean and they are common within the upper euphotic zone 

(Massana et al. 2000; Martin-Cuadrado et al. 2015). However, they have recently been also 

found abundant in deep-sea waters (Baker et al. 2013; Tarn et al. 2016; Liu et al. 2018b). 

MGII are thought to be heterotrophs and have the ability of degrading proteins and lipids 

(Iverson et al. 2012; Orsi et al. 2015). Several studies revealed a number of genes encoding 

for cell adhesion, degradation of high-molecular-weight organic matter and 

photoheterotrophy (Rinke et al. 2019; Tully, 2019), evidencing their potential to utilize 
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organic particles as growth substrates and frequently detected in the PA fraction (Iverson et 

al. 2012; Orsi et al. 2015; Tarn et al. 2016). However, other studies have shown the presence 

of free-living MGII, as in this work, demonstrating that genome content and populations of 

free-living MGII are distinct from those of particle-attached MGII (Orsi et al. 2015; Rinke 

et al. 2019), indicating their metabolic evolution and adjustment to niche partitioning (Li et 

al. 2020). 

Within the Firmicutes phylum, the Bacilli and Clostridia classes have been reported as 

indicator of PA lifestyle. In recent years, it has become clear that Bacillus species are 

prevalent also in the faeces of animals more than previously recognized (Barbosa et al. 2005; 

Wu et al. 2007; Hong et al. 2009), and have adapted to live within the gastrointestinal tract, 

and should be considered gut commensals rather than solely soil microorganisms (Hong et 

al. 2009; Hoyles et al. 2012). Also the Clostridia class includes rumen prokaryotes dominant 

in animal guts (Tajima et al. 1999; Lopetuso et al. 2008) and have been reported as faeces-

associated indicators (Basili et al. 2020). Their presence in the PA fraction could be 

attributed to terrestrially-originated particles. The phylum Firmicutes is typically related to 

sewage-associated prokaryotes (i.e., Streptococcus, Lachnospiraceae, Ruminococcus) 

(Oberbeckmann et al. 2015) and were also detected on microplastics collected in the North 

Adriatic Sea (Viršek et al. 2017). 

The bipartite network analysis showed that most of the Chaetoceros species which 

form statistically significant relationships with prokaryotic phyla form chains (with the 

exception of C. tenuissimus, C. single sp.1 and C. simplex). Longer diatom chains have been 

found to be more likely to be colonized and then attached by prokaryotes than shorter chains 

or single cells, due to the larger surface area that can be colonized. And this could also be 

due to the reported observation that longer chains are older than shorter ones, thus having 

provided more time (and opportunities) for the attachment (Graff et al. 2011). It is 

noteworthy that C. socialis, the most numerically common Chaetoceros species in the Gulf, 

has showed no specific association with any prokaryotic group. 

In general, the relationships between Chaetoceros and prokaryotes were closer in some cases 

than in others: in fact, while some prokaryotic phyla appeared to be species-specific, others 

were common to all selected diatom species. Proteobacteria and Bacteroidetes were the main 

heterotrophic prokaryotic phyla co-occurring with all diatom species. These phyla are 

usually found associated with diatoms (Amin et al. 2012). In fact, specific genera within 

these phyla (i.e., Sulfitobacter, Roseobacter, Alteromonas, and Flavobacterium) appear to 

be strongly associated with diatoms based on their repeated occurrence in different studies 

(Grossart et al. 2005; Kaczmarska et al. 2005; Sapp et al. 2007a/b/c; Hünken et al. 2008). 
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Other phyla common to almost all species of Chaetoceros are Firmicutes and Actinobacteria. 

Firmicutes co-occurred with all species except with two solitary species, C. tenuissimus and 

C. simplex that become abundant in summer, while Actinobacteria co-occurred with all 

species except with two species that are mostly present in winter (C. affinis and C. 

protuberans) and one present in autumn and late-winter (C. decipiens). On the contrary, 

other species were more selective, for instance Euryarchaeota were found co-occurring with 

only three diatom species, C. vixvisibilis, C. tenuissimus and C. simplex, which are most 

represented during the spring and summer seasons. This in accordance with a recent study 

that found the marine group II Euryarchaea (Iverson et al. 2012) abundant in surface waters 

and appearing to consume proteins and lipids produced during the spring bloom in the 

Pacific Northwest, suggesting potential interactions between diatoms and archaea. 

Moreover, other prokaryotic phyla co-occurred with only one diatom species, such as the 

Cyanobacteria which co-occurred with C. pseudocurvisetus. This diatom is known to 

produce resting spores particularly in the absence of essential nutrients including nitrogen. 

Some cyanobacteria, on the other hand, are known for their ability to fix nitrogen. Foster et 

al. (2011) measured rates of nitrogen fixation by cyanobacteria and transport to diatoms 

using a combination of stable nitrogen isotopes and secondary ion mass spectrometry 

reporting that the cyanobacteria fix nitrogen at a 171- to 420-times-higher level when in 

symbiosis with a diatom than when grown alone and they suggested that the majority of the 

fixed nitrogen was transferred to their symbiont (Foster et al. 2011). This could explain the 

selective co-occurrence between these two organisms which would both benefit from this 

symbiosis. 

Therefore, this work let us to conclude that the co-existence of prokaryotes and microalgae 

might be of mutual advantage mainly in terms of nutrient recycling, as also seen in other 

studies (Goto et al. 2001; Klug, 2005). In fact, some microalgal species depend on their 

association with certain prokaryote groups, the “satellite bacteria” (Schäfer et al. 2002), and 

in some pelagic diatoms, the presence of specific prokaryotes is crucial for their growth and 

EPS secretion (Grossart and Simon, 2007). However, the qualitative and quantitative 

differences in the DOM produced by the various diatoms have also been demonstrated to be 

an important selection process for the prokaryotes (Landa et al. 2016; Sarmento et al. 2016). 

How this intertangles with predation rates and mortality of both phytoplankton and 

prokaryotes, is also an interesting aspect to investigate. 

In conclusion, this study highlights the strong and repetitive structure of prokaryotic 

communities in the Gulf of Naples during the seasons, as strongly dependent on 

environmental factors and their variability. In a scenario of global changes, such as ocean 
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warming, sea level rise, it can be expected that the prokaryotic community will still be able 

to cope with variations in basic environmental factors, but significantly changing their 

composition, favoring specific species based on their adaptive abilities. In this scenario, the 

PA prokaryotes play a fundamental role as, on the one hand, they can be more influenced 

and more sensitive to climate changes, which can lead to a variation in the composition of 

the particles and consequently to changes in the associated community. An example of recent 

years is that of microplastics which have been seen to host different communities than those 

attached to organic particulate matter. On the other hand, the particles offer “niches” of 

protection to microbial species more sensitive to stress factors (predatory pressure, high 

temperatures, UV radiation) or even to pathogenic microorganisms (i.e., Vibrio, Salmonella, 

E. coli) that can survive and use the particles, including the microplastics, as means of 

transport across the marine environment. Further studies including metabolic activities and 

experiments to discern replacements between apparently similar components would be very 

useful to predict such adaptive changes. 
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4.2 Daily variability of prokaryotic diversity at a coastal site in the Northern Adriatic 

Sea 

 
4.2.1 Introduction 

Prokaryotes play key roles in many biogeochemical processes and provide a linkage 

between ecosystem functioning and environment (Singh et al. 2010). Several environmental 

parameters control microbial community structure affecting their functional role in any 

given ecosystem. Therefore, it is important to investigate temporal and spatial variations in 

microbial communities and the environmental factors influencing the microbial community 

structure to better understand the biogeochemical cycling and to manage marine ecosystems 

effectively. Several studies of marine community dynamics over various timescales, from 

diel to interannual, have shown that marine microbial communities are dynamic but also 

resilient, suggesting that their behavior is predictable in terms of typical features of daily, 

seasonal and interannual variation in community composition (Fuhrman et al. 2015). 

However, while the microbial communities are often investigated at long-time scales, 

fragmented information is available on microbial loop functioning at diel time scales from 

open waters (Fuhrman et al. 1985; Gasol et al. 1998), coastal waters (Gasol et al. 1998; Solić 

and Krstulović, 1998) and estuarial waters (Hyun et al. 1999; Kolm and Andretta, 2003). A 

defined diel cycle has been found in oceanic and shelf waters with highest bacterial 

abundances and activities during daylight (Fuhrman et al. 1985; Gasol et al. 1998; Jacquet 

et al. 2002), but in the coastal areas influenced by riverine outflow (Sherr et al. 1989; Gasol 

et al. 1998) no consistent diel variations were found. 

In estuarine and coastal waters changes in hydrodynamic conditions are an important factor 

controlling microbial community structure. Few studies have investigated the relationship 

between bacterial communities and tidal cycles in estuarine areas but no clear link has 

emerged even though it seems that a low spring or neap tide more easily drains freshwater 

microorganisms to the sea (Hyun et al. 1999; Kolm and Andretta, 2003). 

Due to its morphology, and opposite to the rest of the Mediterranean Sea, the Adriatic 

Sea experiences significant tidal variations, whose effect is dramatically enhanced by 

southern winds, causing the world renown phenomenon of the “Acqua Alta” in the city of 

Venice. In order to better monitor wave height and to provide a real time alert of increasing 

sea level, in 1970 an oceanographic platform (Piattaforma Acqua Alta, PAA) has been 

deployed, dedicated to geophysical, oceanographic and meteorological monitoring in front 

of the Venice lagoon (Fig. 4.2.1). Recently, the PAA has included biological measurements 

and hosts researchers for in situ measurements at the site. 
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During one of these visits, it was possible to sample seawater from the PAA during 

3 days for several biological and hydrological parameters. The aim of this work was to 

investigate variations in microbial community composition with a short time resolution 

(hours), taking into account the tidal phase. To this aim, picoplankton distribution and FL 

(free-living) and PA (particle-attached) community composition were investigated in surface 

samples at different time points, during two tidal cycles. 
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4.2.2 Materials and Methods 

The PAA in the Northern Adriatic Sea is a Long-Term Ecological Research site, 

where several physical and biological parameters have been collected since 1992 and 

recorded on board with varying sampling rates, according to the parameters (Cavaleri, 1998). 

The tower, built in 1970, is located at about 8 nautical miles off the coast in front of Venice, 

at the water depth of 16 meters (Fig. 4.2.1). 

 
Figure 4.2.1 Map of the Northern Adriatic Sea indicating the position of the Acqua Alta 
oceanographic Platform (image in the inset). 

The PAA is managed by the Institute of Marine Science of the National Research 

Council (ISMAR-CNR) and serves as a multi-disciplinary station for a wide variety of 

marine research, and is equipped with a tide gauge and a meteo-oceanographic station, 

providing measurements of temperature, wind, humidity, solar radiation, rain, waves and 

tides, sensors for the main hydrological parameters, and underwater webcams. Data are both 

recorded on board and transmitted continuously to the ground 

(http://www.ismar.cnr.it/infrastrutture/piattaforma-acqua-alta) and provide important 

indications to alert for high tide in Venice, representing one of the longest historical series 

of oceanographic parameters. 

Seawater samples from PAA were collected from June 18th to 20th, 2018 during a 36-

hour period. Samples for flow cytometry and physico-chemical parameters (temperature and 



 119 

salinity) were collected every two hours, while chlorophyll a, nutrients, 16S rRNA gene 

diversity and SEM were collected 6 times at the maximal (T2 and T4) and minimal (T1, T3, 

T5, T6) sea elevations during the mixed tidal cycle (with two high and low tides with 

different sizes each lunar day) (Fig. 4.2.2). Tidal data measured by the tide gauge were 

provided by Dr. Mauro Bastianini of CNR ISMAR of Venice. Sample collection and 

analyses were performed as described in Chapter 2. 

 
Figure 4.2.2 Trend of high and low tide at the Acqua Alta Platform in the Northern Adriatic Sea from 
June 18th at 22:00 to June 20th at 11:00. Red arrows indicate the sampling points for chlorophyll a, 
nutrients, SEM and 16S rRNA gene sequencing. 
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4.2.3 Results 

Temperature, salinity and chlorophyll a concentrations 

The average surface temperature was 24.45 ± 0.17°C (Fig. 4.2.3a) with the lower 

values during the first night and then staying relatively stable at around 24.6 ± 0.06°C. In 

the first afternoon, at 17:00, a relative drop in temperature (to 24.47°C) coincided with a 

relative peak in salinity (35.251 psu), possibly indicating an intrusion of offshore water. The 

average surface salinity (Fig. 4.2.3b) was 35.032 ± 0.23 psu, with two peaks at 9:00 and 

10:20, with 35.396 psu and 35.550 psu, respectively, coincident with ebb tide. 

 
Figure 4.2.3 Surface distribution of a) temperature; b) salinity during the 36-hour sampling at the 
Acqua Alta Platform in the Northern Adriatic Sea. 
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Table 4.2.1 Surface values of chlorophyll a and nutrients at the 6 sampling times. Chl a is chlorophyll 
a, NH3 is ammonia, NO2 is nitrite, NO3 is nitrate, SiO4 is silicate, PO4 is phosphate. 

Sampling 
time 

Chl a 
(µg l-1) 

NH3 
(µM) 

NO2 
(µM) 

NO3 
(µM) 

SiO4 
(µM) 

PO4 
(µM) 

23:00 1.07 0.49 0.14 4.22 8.42 0.10 
2:20 0.98 0.42 0.14 5.60 8.41 0.09 
9:25 0.87 0.46 0.12 4.32 7.63 0.07 
17:00 0.63 0.52 0.14 5.04 8.92 0.11 
23:25 1.07 0.31 0.12 3.99 6.54 0.08 
10:20 0.86 0.46 0.15 2.79 5.44 0.08 

The average surface chlorophyll a was 0.91 ± 0.17 µg/l with the lowest value at 17:00 

(0.63 µg l-1), coincident with the highest values of NH3, SiO4 and PO4 (table 4.2.1). 

 

Picoplankton concentrations 

As in previous studies (Celussi et al. 2015, 2019), Prochlorococcus was not detected 

in the area. The average Synechococcus concentration was 2.9 x 105 ± 5.8 x 104 cell ml-1, 

with the highest abundances at 23:00 and 02:20 with values of 3.82 x 105 and 3.79 x 105 

cells ml-1, respectively. The average picoeukaryotes concentration was 9.7 x 103 ± 2.8 x 103 

cell ml-1, with peaks of 1.72 x 104 and 1.36 x 104 cells ml-1 at 23:00 and 02:20, respectively 

(Fig. 4.2.4 a/b). 
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Figure 4.2.4 Surface distribution of a) Synechococcus spp. abundances (cell ml-1) in green, b) total 
picoeukaryotes abundances (cell ml-1) in orange and c) total heterotrophic prokaryotes (cell ml-1) in 
blue. 
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Heterotrophic prokaryotes accounted on average for 2.0 x 106 ± 5.2 x 105 cell ml-1, with the 

highest concentrations at 23:00 and 02:20 with 3.6 x 106 and 2.5 x 106 cell ml-1, respectively 

(Fig. 4.2.4c). HNA and LNA prokaryotes contributed on average to 54 ± 2% and 46 ± 2% 

of total heterotrophic prokaryotic concentrations, respectively. 

 

Phytoplankton-attached prokaryotes 

Chaetoceros was the most abundant diatom genus present in net samples. Other 

species were Thalassiosira spp., Pseudo nitzschia spp. and Bacteriastrum spp. (Fig. 

4.2.5a/b). 
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Figure 4.2.5 SEM images of phytoplankton net samples collected at the Acqua Alta Platform in the 
North Adriatic Sea during the 36 hour-sampling. Yellow arrows indicate Chaetoceros spp. (Ch), 
Bacteriastrum (B), Thalassiosira (Th) and Pseudonitzschia (Ps) spp.. 

Chaetoceros was the genus with the largest number of attached prokaryotes, mainly 

present as aggregates and during the night (Fig. 4.2.6). Most of the prokaryotes were rod-

shaped bacilli (Fig. 4.2.7a/b). 
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Figure 4.2.6 SEM image of a Chaetoceros sp. cell surrounded by a prokaryotic aggregate sampled 
at 23:25 at the Acqua Alta Platform in the Northern Adriatic Sea. 

 



 126 

 
Figure 4.2.7 SEM images of rod-shaped bacilli (red ovals) attached to Chaetoceros cells. 

Apart from the aggregates, few individual prokaryotes were counted attached to 

Chaetoceros spp., ranging from 0.1 to 0.9 prokaryotes per diatom cell, highest in the evening 

and night (R2= 0.69, p-value < 0.0001) and lowest during daylight (R2= 0.21; p-value= 0.06) 

(Fig. 4.2.8). 



 127 

 
Figure 4.2.8 Prokaryotic coverage (bacteria cell-1) on Chaetoceros spp. during the 6 sampling times 
at the Acqua Alta Platform. 

 

Prokaryotic diversity 

After normalization, the dataset contained 723 ASVs and 8384 sequences. FL and 

PA shared 6.2% of total ASVs, whereas 50.3 % were exclusive of PA and 43.4 % of FL 

(Fig. 4.2.9). 
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Figure 4.2.9 Venn diagram showing ASVs distribution between the two fractions: Free-Living (FL, 
yellow) and Particle-Attached (PA, blue). 

Rarefaction curves for PA (red) and FL (green) samples indicated that all samples 

were sufficiently sequenced, and the two fractions were not significantly different in terms 

of richness (Fig. 4.2.10). 

 
Figure 4.2.10 Rarefaction curves (500 randomizations) for PA (red) and FL (green) prokaryotes. 
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Richness and diversity values between the FL and PA communities were not 

significantly different when tested all together (Wilcoxon test p= 0.9 for Observed and 

Chao1; p= 0.5 for Shannon index) (Fig. 4.2.11). Since the variability between samples 

seemed very large, with the hypothesis that changes along the tide could have masked the 

FL/PA division, FL and PA communities were compared at high and low tide, testing FL 

and PA in high tide (Wilcoxon test p= 0.5 for Observed and Chao1; p= 0.3 for Shannon 

index) and FL and PA in low tide (Wilcoxon test p= 0.7 for Observed and Chao1; p= 1.0 for 

Shannon index), but the signal was not significant, perhaps also due to the limited data 

available (not shown). 

 
Figure 4.2.11 a) Observed ASVs b) Shannon and c) Chao I in FL (green) and PA (red) prokaryotes. 
Upper and lower lines correspond to the first and third quartile of the distribution of values, while 
the horizontal lines show the median values. 

Cluster analysis showed a separation between PA and FL, except for samples from 

10:20h of the second day. PA prokaryotes are then grouped according to high (02:20-17:00) 

and low (09:25-23:25) tides while FL are all together, possibly reflecting the different 

phytoplankton to which they were attached (Fig. 4.2.12). The T6 PA sample is connected 

with the main clusters, but with high dissimilarity levels of the links (> 0.90). 
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Figure 4.2.12 Hierarchical clustering based on Bray-Curtis dissimilarity matrix. Yellow squares 
delimitate FL communities (FB). Red squares delimitate PA communities (AT). Black square 
indicates the sampling time and the presence of high or low tide. 

 
ANOSIM test (Fig. 4.2.13) showed that the dissimilarity between FL and PA samples 

were not significant, with R= 0.15 and p-value= 0.09. This was true even if the T6_AT 

sample was excluded or FL and PA communities at high and low tide were tested separately. 

 
Figure 4.2.13 Dissimilarity plots within and between FL and PA communities, based on ANOSIM 
test. 

Between attached free
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No investigated parameter was found significant to explain the differences between 

FL and PA communities (ADONIS function in PERMANOVA, using Bray-Curtis 

dissimilarity- not shown). 

In terms of taxonomical diversity, both FL and PA prokaryotes were dominated by 

Proteobacteria, Bacteroidetes and Cyanobacteria, representing 35.3%, 34.1% and 16.1% of 

the total prokaryotes, respectively (Fig. 4.2.14). 

Planctomycetes were also well represented in the PA with 5.0% of the 7.0% of the total 

together with Verrucomicrobia with 2.5% of the 2.8% of the total. 

 
Figure 4.2.14 Taxonomic composition (at the phylum level) of PA and FL prokaryotes (left and right 
bars, respectively) at each sampling point. Sampling times and the presence of high or low tide are 
indicated in the legend. 

At the family level, Flavobacteriaceae (Bacteroidetes phylum), Cyanobiaceae 

(Cyanobacteria phylum) and Rhodobacteraceae (Proteobacteria phylum) dominated both PA 

(with 9.0%, 5.7% and 1.8%, respectively) and FL (11.7%, 10.4% and 2.7%, respectively) 

communities (Fig. 4.2.15). In the PA Pirellulaceae contributed for 4.3% of the total and 

Pseudoalteromonadaceae, Alteromonadaceae and Pseudomonadaceae families of 

Gammaproteobacteria increased at T6 (10:20). In the FL community SAR116 clade 

contributed for 2.6% (of the 3.0% of the total), Balneolaceae for 2.4% (of the 2.8% of the 

PA       FL              PA               FL              PA                FL              PA               FL              PA  FL               PA               FL
T1- Low tide T2- High tide T3- Low tide T4- High tide T5- Low tide T6- Low tide

T1= h 23:00
T2= h 02:20 
T3= h 09:25
T4= h 17:00
T5= h 23:25
T6= h 10:20
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total) and SAR11 for the 3.0% of the 3.5% of the total, the latter especially at T1, T4 and 

T6. 

 
Figure 4.2.15 Taxonomical composition at the family level of FL and PA prokaryotes (left and right 
bars, respectively). The histograms were built using only families with abundances ≥ 1%. Groups 
with abundances < 1% were pooled together and are indicated as < 1% abund.. Sampling times and 
the presence of high or low tide are indicated in the legend. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

T1- Low tide T2- High tide T3- Low tide T4- High tide T5- Low tide T6- Low tide
PA             FL                 PA            FL               PA                FL                PA                FL              PA                FL              PA                 FL

T1= h 23:00
T2= h 02:20 
T3= h 09:25
T4= h 17:00
T5= h 23:25
T6= h 10:20
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4.2.4 Discussion 

During the sampling period salinity, temperature and chlorophyll a showed values 

typical of the summer, as reported by other authors (Solidoro et al. 2009; Grilli et al. 2020). 

In summer, the thermal variability is slightly higher than in the spring, with an average of 

24.24 ± 0.05°C (Grilli et al. 2020) very close to that observed in this study (24.45 ± 0.17°C). 

The salinity here showed slight variations that may be due to the advection of waters 

influenced by the Po river but mostly from the other rivers and freshwater discharges present 

along the coast. Surface salinity peaks during the winter, when river discharges are limited 

and restricted along the coast, and decreases afterwards, as a consequence of spring rains 

and snow melting (Raicich, 1996; Vilibic et al. 2019). Also the low chlorophyll a values 

were typical of the summer period (Solidoro et al. 2009), as opposite to what happens in 

front of the Po delta, where they are always higher (Grilli et al. 2020). The NO3 

concentrations also lied within the ranges reported for the summer (Grilli et al. 2020). 

Nitrates are considered a marker of terrestrial inputs associated with riverine outflows and 

in general, the maximum values are found close to the river mouths in November and 

between March and April, when rivers outflows are high, and in January, when nitrate 

accumulates as it is not used biologically (Solidoro et al. 2009), while the summer is the 

period with the lowest NO3 concentration and with the lowest river discharge (Grilli et al. 

2020). The concentrations of PO4 were very low, but again within the ranges expected in 

summer. PO4 reached the highest levels in autumn, around 1 µM in front of the Po delta, 

while the lowest concentrations (less than 0.1 µM) were observed in summer all over the 

Northern Adriatic (Grilli et al. 2020). As a matter of fact, the Northern Adriatic Sea is in an 

almost permanent P-deficient status, where the availability of PO4 in the waters not directly 

affected by the runoff depends mainly on the remineralization of organic phosphorus. The 

general reduction in PO4 inputs, linked to the removal of polyphosphates in detergents by 

legislative acts during the second half of 1980s (Palmeri et al. 2005) and the lower use of 

phosphate-based fertilizers in agriculture (Viaroli et al. 2018; Giani et al. 2018), appears to 

be reflected in the marine system of the Northern Adriatic Sea mainly by modifying the N/P 

ratio. The concentration of SiO2 is far larger than those of the other nutrients and this is in 

accordance with other studies in the Northern Adriatic Sea (Cerino et al. 2019; Grilli et al. 

2020), according to which high values of SiO2 are related to river discharge. Maximal 

concentrations are reached at the Po delta in autumn and spring, the seasons with the highest 

Po river runoff (Russo et al. 2012: Falcieri et al. 2014). 

Among picophytoplankton, Prochlorococcus was not present, possibly due to the 

low temperature and the limited depth of the water column (Celussi et al. 2015, 2019) and/or 
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the nutrient ratios, as it has been seen that high nitrate concentrations in coastal waters can 

lead to the lack of Prochlorococcus (Zhao et al. 2013). In fact, Prochlorococcus tend to be 

restricted to relatively warm and nutrient-poor waters (Otero-Ferrer et al. 2018). 

Synechoccocus were always more abundant than picoeukaryotes, falling within a range of 

values already reported for the Northern Adriatic Sea (Cerino et al. 2012) and, as shown in 

other studies, picoeukaryotic abundances were lower than those of Synechococcus, by one 

or two orders of magnitude (Orlić et al. 2013). As far as heterotrophic prokaryotes, the 

abundances were similar to those generally observed in the Adriatic Sea (Manti et al. 2012; 

Celussi et al. 2019). In general, the abundance of picophytoplankton and heterotrophic 

prokaryotes observed in this study is comparable to the results of earlier studies in other 

coastal areas affected by tides and rivers, even if under different trophic conditions (Jiao et 

al. 2005; Pan et al. 2005, 2006). For both autotrophic and heterotrophic picoplankton, a 

higher abundance was observed at the beginning of the sampling (23:00 and 02:20), possibly 

marking fresher waters advected from the coast, as the lowest salinity value was also 

recorded. Subsequent variations could be attributed to neither the day-night cycle nor the 

tidal phase. These results do not agree with what reported in another study on daily microbial 

variability in the Northern Adriatic Sea (Celussi et al. 2007) in which samples were taken 

during spring every 6 h, at high and low tide. The authors found a sinusoidal trend for 

cyanobacteria and heterotrophic prokaryotic abundances with 12 h periodicity, and 

Synechococcus showed the maximum abundances during high tide, as opposite than the 

heterotrophic prokaryotes. In our case, instead, variability appeared to be subject to tidal 

advection and population replaced one another but did not differentiate much. Possibly, 

seasonality can also represent a driving factor, and the periodicity is possibly masked by 

tidal and internal cycles. 

The quantification of diatom-attached prokaryotes, on the other hand, showed a 

strong daily signal, with greater prokaryotic coverage on Chaetoceros genus during the night 

than during the day. Ghiglione et al. (2007) showed that attached prokaryotic community 

are more metabolically active at night, while the free-living ones during the day. This could 

be attributed to higher rates of activity of particle-associated microaerophilic and/or 

anaerobic microorganisms that can be more active during the night when dissolved O2 levels 

are lower due to the absence of photosynthesis and to night community respiration 

(Alldredge and Cohen, 1987). For this reason, prokaryotes could attach to the phytoplankton 

mainly during the night, suggesting a link to photosynthesis, maybe due to oxygen radicals 

produced, which may deter attachment. However, the mechanisms that control the process 

of prokaryotic attachment to phytoplankton are different, and are surely influenced by 
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multiple factors, such as abundance, morphology, algal health, exudate chemistry, and 

species-specific interactions (Graff et al. 2011). 

The PA and FL communities were different with little overlap and small number of 

shared ASVs. The majority of the PA and FL prokaryotes were affiliated to Proteobacteria, 

Bacteroidetes and Cyanobacteria taxa, typical for the marine environment (Giovannoni and 

Stingl, 2005). The PA community composition, dominated by Alphaproteobacteria, 

Gammaproteobacteria, Bacteroidetes as well as Planctomycetes, confirms previous 

observations (DeLong et al. 1993; Acinas et al. 1999; Kellogg and Deming, 2009; Fontanez 

et al. 2015). Planctomycetes have been found attached to sinking marine aggregates 

(DeLong et al. 1993), which is consistent with their role of degrading complex organic 

matter. Furthermore, members of Pirellula, of Pirellulaceae family, have been found 

attached to marine diatoms during a diatom bloom (Morris et al. 2006) and several 

Planctomycetes lineages were found attached to kelp (Bengtsson and Øvreås, 2010). 

Planctomycetes and Verrucomicrobia are known to be particle degraders and can therefore 

be expected to represent key players in the recycling of carbon and other nutrients 

(Bachmann et al. 2018). 

The Alteromonadaceae of order Alteromonadales (in the Gammaproteobacteria class) are 

another frequently surface-associated prokaryotes (Salta et al. 2013; Buchan et al. 2014). 

They produce and secrete a variety of extracellular enzymes that contribute to the hydrolysis 

of biopolymers, including polysaccharides (Wong et al. 2000; Neumann et al. 2015), 

proteins (Miyamoto et al. 2002; Zhou et al. 2009), nucleic acids (Wei et al. 1983; Lennon, 

2007), and lipids (Duflos et al. 2009), the major components of marine POM. Alteromonas 

and related species are also known to respond rapidly to phytoplankton blooms and to 

elevated POC concentrations (Riemann et al. 2000; Cunliffe et al. 2009; Tada et al. 2011; 

Tinta et al. 2015). Furthermore, they utilize algal exudates from a variety of phytoplankton 

and then they also can represent a major microbial group in algal phycospheres (Hold et al. 

2001; Hasegawa et al. 2007; Sarmento and Gasol, 2012). 

Bacteroidetes are also abundant in organic particle- rich coastal waters (DeLong et al. 1993; 

Rath et al. 1998; Ploug et al. 1999; Crump et al. 1999; Kirchman, 2002), responsive to algal 

blooms (Kirchman, 2002; Fandino et al. 2005; Amin et al. 2012; Buchan et al. 2014) and 

prone to leading a surface-associated life (Jones et al. 2007; Dang et al. 2008; Egan et al. 

2013; Hollants et al. 2013; Buchan et al. 2014; Singh and Reddy, 2014) supported by the 

extracellular degradation of complex biopolymers such as polysaccharides and proteins 

(Kirchman, 2002; Gómez-Pereira et al. 2012; Williams et al. 2013; Fernández-Gómez et al. 

2013; Kabisch et al. 2014; Wietz et al. 2015). However, members of the Flavobacteriaceae 
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family occurred in both FL and PA fractions (Bachmann et al. 2018), as shown in this study, 

and it has been seen that low nutrient conditions and light may have stimulated the growth 

of FL Flavobacteria (Williams et al. 2012). 

In this study, the Rhodobacteraceae (Alphaproteobacteria) class dominated both PA and FL 

communities. They are generally identified as the ubiquitous and dominant primary particle 

colonizers in surface waters. However, they might colonize the particles or they might detach 

and live as free-living allowing to other microbes to colonize and grow (Dang and Lovell, 

2000; Dang et al. 2008). Rhodobacteraceae present versatile metabolic capacities, 

comprising mainly aerobic photo- and chemo-heterotrophs, which are involved in sulfur and 

carbon biogeochemical cycling and symbiosis with aquatic micro- and macroorganisms 

(Pujalte et al. 2014). 

SAR11 and SAR116 (Alphaproteobacteria), on the other hand, were found in the FL 

fraction. According to the literature, SAR11 have been described mostly as FL bacteria 

(Giovannoni and Vergin, 2012), but some ecotypes are adapted to live attached to particles 

(Allen et al. 2012), and mainly during the cold period, when the diversity of SAR11 increases 

(Salter et al. 2015; Mestre et al. 2020). In the data presented here, the sampling was carried 

out during the summer, then when the diversity of SAR11 is expected to be lower and this 

could explain their greater presence in the FL. SAR116 instead, have been observed in the 

meso and bathypelagic ocean and can be traced back simultaneously to those present in 

surface waters, suggesting their potential origin from the upper epipelagic zones (Li et al. 

2020). 

In conclusion, this study highlighted a complex intertangling of diel variability and 

lifestyle, overlapped to the tidal cycle. The tidal signal was not clearly identified, possibly 

because of a relative homogeneity of the prokaryotes in the area around the PAA, which 

hides the signal of the advection of different waters. Instead, some groups were indicators 

of terrestrial inputs and more typical of PA or FL lifestyle. 

The data presented can be considered a pilot study highlighting the need of a more 

frequent sampling in order to efficiently sample the different tidal phases. In fact, despite the 

different occurrences in the day or the night, some of the taxa identified show a periodicity 

and this is expected to reflect on their metabolic activity as well. 

Phytoplankton and their associated prokaryotes are strictly linked and increasing evidence 

of the functional role of this association also in terms of molecules exchanged and 

physiological performance of both is accumulating (Amin et al. 2015; Seymour et al. 2017; 

Fei et al. 2020). In addition, seasonal succession of phytoplankton has been shown to reflect 

into seasonal succession of PA communities, as shown in Mestre et al. (2020) in the 
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Northwest Mediterranean Sea, and disentangling these different aspects represents a 

challenging, yet relevant aspect to investigate in order to assess the role of these biotic 

interactions for ecosystem functioning. 
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CHAPTER 5 

Free-living and particle-attached prokaryotes in a 

river-influenced coastal area in the  

Northern Adriatic Sea 
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5.1 Introduction 

The Adriatic Sea is the most continental basin of the Mediterranean Sea, being enclosed 

between two mountain chains (Appennini and Balkans) and elongated latitudinally (Russo 

and Artegiani, 1996). It covers about 800 km by latitude and 100-200 km by longitude. Based 

on its hydrological, oceanographic, and bathymetric features, it is usually divided into three 

distinct sub basins that are characterized by decreasing depth from the southern to the 

northern one (Fig. 5.1). 

 
Figure 5.1 Division of the Adriatic Sea and bottom topography (Oceanlab, 2017; Meteorological and 
Hydrological Service, 2017). 

The southern sub-basin, characterized by a wide depression deeper than 1200 m 

known as South Adriatic Pit, is partly separated from the Ionian Sea by an 800-m deep sill. 

A second sill, of about 130 m depth, separates the southern basin from the central one which 

is characterized by a depression known as Middle Adriatic Pit, with a maximum depth of 

270 m. The middle Adriatic is a transition zone between northern and southern sub-basins, 

the latter showing some open sea conditions (Marini et al. 2006), and it is separated from 

the northern basin by a steep slope. The northern sub-basin is characterized by a very shallow 

mean depth, of about 30 m, and by a strong river runoff (~ 3000 m3 s1). The North Adriatic 

Sea, in fact, receives significant freshwater inputs from several rivers along the northwestern 

coast of Italy, among which the most important is the Po river, the longest and biggest river 

in Italy, flowing through some large cities and important agricultural areas. These rivers are 

estimated to contribute about 20% of the total Mediterranean river runoff (Hopkins, 1992). 
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As a result of this freshwater input, the circulation in the upper layer is dominated by the 

Western Adriatic Coastal Current (WACC), which exports approximately 84% of this 

freshwater southward along the italian coast, with a residence time within the basin of 2–3 

weeks (Hopkins et al. 1999). 

The Po river discharge to the North Adriatic Sea plays an important role in the regional 

dynamics, in the distribution of dissolved and particulate material and related 

biogeochemical processes of the basin. It represents one of the major factors affecting the 

general circulation of the North Adriatic Sea through the introduction of low salinity water 

at the western boundary of the basin (Artegiani et al. 1997). The dispersal dynamics of the 

river discharge follows the physical structure of the mixed water masses and the main 

cyclonic circulation of the basin. 

The circulation fields of the North Adriatic Sea are controlled by a number of factors, among 

which the stratification degree plays a crucial role (Orlić et al. 1992). In general, the water 

column in the region is vertically uniform in January–February, weakly stratified in March–

April and November–December, and highly stratified from March to October (Supić and 

Vilibić, 2006). Although the region wind-induced currents are pronounced (Kuzmić et al. 

2007; Cosoli et al. 2013), the geostrophic component presumably plays a major role in 

redistributing freshened waters and organic/inorganic substances across the North Adriatic 

Sea. Therefore, it is characterized by seasonal and long-term fluctuations of biological and 

physical parameters mainly related to atmospheric forcings, freshwater and high salinity 

water inputs and a variable complex circulation (Franco, 1982; Orlić et al. 1992; Poulain et 

al. 2001; Russo et al. 2005). 

The relatively shallow and restricted area of the North Adriatic Sea is considered one of the 

most productive regions of the Mediterranean Sea (Sournia, 1973). However, its productivity 

is high mainly when directly influenced by the Po river, with a delta located in the western 

part of the North Adriatic Sea that has five distributary mouths (i.e., Maistra, Pila, Tolle, 

Gnocca, and Goro), each exhibiting different water discharge and solid loads. The Pila 

distributary is the main mouth and accounts for 60% of the freshwater volume and 74% of 

the discharged river solid load (Nelson, 1970). Otherwise, the region is under impact of 

oligotrophic central Adriatic waters. Therefore, the seasonal and interannual variability in 

the North Adriatic Sea organic production is very high (Sournia, 1973) and strongly variable 

(Kraus et al. 2016). 

A late winter bloom of the diatom Skeletonema marinoi is known to occur every year 

in front of the Po river (Miralto et al. 1999; Ianora et al. 2008). This recurrent diatom bloom 

exerts a strong influence on the copepod reproduction and subsequent recruitment and is also 
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thought to influence the phytoplankton community composition and functioning by 

releasing organic matter and specific secondary metabolites (Ribalet et al. 2014). 

The large variability of the oceanographic conditions in the Northern Adriatic Sea, 

including large effects of the riverine discharge, with high particle load, and the recurrent 

presence of large diatom blooms warrant investigation of bacterial community composition 

of both free-living bacteria (FL) and those attached to particles (PA) during a period of 

diatom dominance. The starting hypothesis is that the large particle load of the Po river so 

as the intense diatom bloom might be associated to particular particle-attached bacterial 

groups, which were investigated by Illumina MiSeq sequencing of the V4-V5 region of the 

16S rRNA gene. 
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5.2 Materials and Methods 

From 14th to the 21st March 2017 an oceanographic research cruise (INTERNOS 

2017) was conducted in the North Adriatic Sea with the R/V Minerva Uno. CTD casts 

(SBE19, SeaBird Inc., USA) were taken at 41 stations (Fig. 5.2). Discrete seawater samples 

were collected at surface by Niskin bottles for chemical and biological parameters at several 

stations as indicated in Table 5.1. 

 
Figure 5.2 Map of the North Adriatic Sea with the stations sampled in 2017 during the oceanographic 
research cruise INTERNOS17. 

Samples for chlorophyll a and nutrients, picoplankton distribution, phytoplankton 

enumeration and 16S rRNA gene sequencing were collected following the protocols 

described in Chapter 2. Phytoplankton counts were kindly provided by Dr. Mauro Bastianini 

and Dr. Stefania Finotto of CNR-ISMAR of Venice. Chlorophyll a and nutrients 

concentrations were kindly provided by Dr. Francesco Acri of CNR-ISMAR of Venice. 

Samples for DNA extraction were collected using an in-line filter set and filtered through 

3.0 µm and subsequently on 0.22 µm filters for the free-living (FL, 0.22- 3 µm) and particle-

attached (PA, >3 µm), prokaryotes. DNA extractions were performed using a modified 

manual protocol as described in Materials and Methods 2.4.1.3. For the DNA analyses see 

Materials and Methods 2.4.4. 
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Table 5.1 List of parameters sampled at each station. 
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5.3 Results 

5.3.1 Physico-chemical parameters and chlorophyll a 

A clear separation was observed between the area influenced by the Po river and the 

more offshore area in terms of temperature and salinity. The area closest to the river was 

characterized by relatively higher temperatures (12.9°C at st. 23 and 12.7°C at st. 19) and 

lower salinities (24.70 psu at st. 23, and 25.40 psu at the st. 18) (Fig. 5.3 a/b). Chlorophyll a 

concentrations were highest at the two stations closest to the river mouth (st. 32 and st. 24) 

with 4.39 µg l-1 and 4.12 µg l-1 (Table 5.2). 
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Figure 5.3 Surface distribution of a) temperature; b) salinity during INTERNOS17. 
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Table 5.2 Surface chlorophyll a and nutrient concentrations at the 6 stations sampled for these 
parameters during the cruise. Chl a is chlorophyll a, NH3 is ammonia, NO2 is nitrite, NO3 is nitrate, 
SiO4 is silicate, PO4 is phosphate. 

Stations Chl a 
(µg l-1) 

NH3 

(µM) 
NO2 
(µM) 

NO3 
(µM) 

SiO4 

(µM) 
PO4 
(µM) 

4 2.38 0.13 0.39 7.56 0.56 0.15 
6 1.10 0.01 0.28 0.97 0.45 0.15 
24 4.12 0.44 0.40 3.78 0.75 0.31 
27 2.42 0.63 0.34 3.20 0.52 0.19 
32 4.39 0.14 0.72 10.51 0.40 0.25 

At the surface, dissolved inorganic nutrients were always relatively higher in the area in front 

of the Po delta (stations 24, 27 and 32; Table 5.2). Ammonia ranged from 0.01 μM at st. 6 

(outside of the influence of the Po) to 0.63 μM at st. 27 in front of the Po river delta. The 

highest nitrite and nitrate values were measured at st. 32 (0.72 μM and 10.51 μM, 

respectively). Silicate ranged from 0.4 μM at st. 32 to 0.75 μM at st. 24, while phosphate 

ranged from 0.15 μM at st. 4 and st. 6 (outside of the influence of the Po) to 0.31 μM at st. 

24. 

 
5.3.2 Picoplankton distribution 

During the cruise the picoplankton concentrations were estimated by flow cytometry 

and two main groups of autotrophs, Synechococcus and picoeukaryotes, together with 

heterotrophic prokaryotes, were enumerated, based on scatter and fluorescence (Fig. 5.4). 

The latter were further discriminated in High Nucleic Acid (HNA) and Low Nucleic Acid 

(LNA), based on their relative DNA fluorescence. 

 
Figure 5.4 Flow cytometric acquisition plots of phototrophic picoplankton and heterotrophic 
prokaryotes from the surface of S1 station. A) Synechococcus cyanobacteria (in green) and 
picoeukaryotes (blue and orange) phototrophic picoplankton, discriminated in plots of side scatter 
(SSC) versus red fluorescence (FL3), once Synechococcus are identified based upon its orange 
fluorescence (not shown). Red dots are 1 mm polystyrene beads used as internal standard. B) 
Heterotrophic prokaryotes (green) after staining with SYBR Green I DNA stain and identified in 
plots of side scatter (SSC) versus green fluorescence (FL1). Red arrows indicate the High Nucleic 
Acid (HNA) and the Low Nucleic Acid (LNA) populations. 
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The average Synechococcus concentration was 5.5 x 103 ± 3.1 x 103 cell ml-1, with 

highest abundances at st. 1 and st. 10, with 1.6 x 104 cell ml-1 and 8.6 x 103 cell ml-1, 

respectively. The average picoeukaryotes concentration was 4.4 x 103 ± 2.6 x 103 cell ml-1, 

with peaks of 1.14 and 1.08 x 104 cells ml-1 at st. 21 and st. 23, respectively (Fig. 5.5 a/b). 

 
Figure 5.5 Distribution of a) Synechococcus spp. abundances (cell ml-1) and b) total picoeukaryotes 
at surface. 
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Average heterotrophic prokaryotes concentration was 4.7 x 105 ± 2.1 x 105 cell ml-1, 

with highest concentrations in front of the Po river mouth (st. 23 and st. 18 with 1.6 x 106 

cell ml-1 and 7.3 x 105 cell ml-1, respectively) (Fig. 5.6). 

 
Figure 5.6 Distribution of total heterotrophic prokaryotes (cell ml-1) at the surface of all the station 
sampled. 

HNA bacteria were always dominating, ranging between 65 % and 85% of total prokaryotes 

(Fig. 5.7). 

 
Figure 5.7 Percentage surface distribution of HNA prokaryotes. 
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5.3.3 Phytoplankton abundance and taxonomical composition 

Total phytoplankton concentrations ranged between 2.20 x 103 and 7.87 x 103 cell 

ml-1 (Fig. 5.8), with highest cell numbers at st. 15 and lowest at st. 6. Diatoms accounted for 

79% of total numbers, on average, with a peak of 7.5 x 103 cell ml-1 (95% of total) at st. 15. 

Within diatoms, Chaetoceros was always the dominant genus, except at st. 6 where 

Leptocylindrus showed similar percentage (Table 5.3). 

 
Figure 5.8 Abundance (cell ml-1) of the different groups of phytoplankton at five stations sampled 
during the INTERNOS cruise. 

Table 5.3 Percentage composition of diatom genera/species at the 5 stations sampled. 
Bacillariophyceae St. 4 St. 6 St. 15 St. 24 St. 27 
Chaetoceros spp. 56.6% 44.9% 79.9% 79.0% 69.4% 
Leptocylindrus spp. 21.4% 50.1% 5.9% 3.4% 14.7% 
Skeletonema marinoi 12.0% 0.0% 11.7% 11.6% 9.5% 
Others 10.0% 4.9% 2.5% 6.0% 6.3% 

 

5.3.4 Prokaryotic diversity and richness 

DNA samples were collected at 14 stations in front of the Po river mouth (Table 5.1) 

from 2 size fractions (FL, 0.2 µm- 3.0 µm and PA, > 3.0 µm). 

After normalization, the dataset contained 2293 ASVs and 44425 sequences. FL and PA 

shared 27.6% of the total ASVs, whereas 38.6 % were exclusive of PA and 33.9 % of FL 

(Fig. 5.9). 
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Figure 5.9 Venn diagram showing ASV distribution between the two fractions: Free-Living (FL, 
yellow) and Particle-Attached (PA, blue), and those shared by both fractions. 

 
Alpha diversity 

Wilcoxon tests highlighted significantly higher values of alpha-diversity (Observed 

ASVs, Shannon and Chao1) in the FL community than in the PA (Fig. 5.10). Furthermore, 

the α-diversity values between FL samples were more homogeneous (interquartile range 

=0.2) than in PA (interquartile range =0.7). 
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Figure 5.10 a) Number of ASVs observed b) Shannon diversity and c) Chao I richness estimates in 
FL (green) and PA (red) prokaryotes. Upper and lower lines correspond to the first and third quartile 
of the distribution of values, while the horizontal lines indicate the median values. 

 
Variability in community structure 

A clear separation between FL and PA groups of samples was observed (Fig. 5.11). 

The FL samples grouped together, while the PA samples were separated into two groups: 

one clustering closer to the FL (I) communities and another more distinct (II). 
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Figure 5.11 Hierarchical clustering based on Bray-Curtis dissimilarity matrix. The yellow square 
delimitates FL communities. Red squares delimitate PA communities. 

NMDS analysis also showed the same distribution, with two PA clusters 

corresponding to the same groups found in the hierarchical cluster plot and one FL cluster 

(Fig. 5.12). 

 
Figure 5.12 Non-Metric Multidimensional Scaling (NMDS) representation of FL (blue circles) and 
PA (red circles) communities. 

Analysis of dissimilarity (ANOSIM test, Fig. 5.13) indicated that FL and PA were 

significantly dissimilar (R=0.711 p-value=0.001), further confirming the previous results. 



 153 

 
Figure 5.13 Dissimilarity plots between and within FL and PA communities, based on the ANOSIM 
test. The X axis shows the lifestyle (free and attached), the Y axis the rank of dissimilarity (based on 
Bray-Curtis matrix). 

Lifestyle alongside salinity (FL vs PA) were the most significant factors explaining 

the separation of FL and PA communities (Table 5.4). On the contrary, temperature was not 

a statistically significant factor. Chlorophyll a was not included in the analysis because too 

few data were available. 

Table 5.4 PERMANOVA (Adonis) results based on Bray-Curtis dissimilarities testing lifestyle and 
the environmental parameters. 

Parameters R2 p value 

Lifestyle (FL vs PA) 0.19 0.001 

Temperature 0.03 0.263 

Salinity 0.05 0.050 

 

Despite the fact that a clear separation of stations based on distance from the Po river or 

salinity values was not evident, most stations of cluster II were located far from the Po 

influence, suggesting that some other factor is ruling this differentiation in PA and not in 

FL. The limited chlorophyll a samples could not support this observation.  
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Prokaryotic taxonomical composition 

In general, prokaryotes (FL plus PA) were dominated by Proteobacteria, 

Bacteroidetes and Firmicutes, representing 52%, 28% and 7% of the total, respectively. FL 

and PA communities showed always a different composition than one another, with much 

less Proteobacteria in FL than PA at stations 32, 33, 34, 23, 24, 25, compensated by 

Bacteroidetes (Fig. 5.14). At stations 34, 24, 25 and 26, 15, 19 and 29 the proportion of 

Firmicutes in PA was significantly higher than in FL (Fig. 5.14). 

 
Figure 5.14 Taxonomic composition (at the phylum level) of PA and FL prokaryotic communities 
(left and right bars, respectively) at each station. The phyla with abundance < 0.5% are grouped and 
represented in grey (Others). Station names are on top. 

Within Proteobacteria, Alphaproteobacteria and Gammaproteobacteria represented 

on average 70.0% and 20.9% of the total, respectively (Fig. 5.15a). Within Bacteroidetes, 

the Bacteroidia (35.3%) and Flavobacteria (56.9%) classes were the most represented (Fig. 

5.15b). Firmicutes included Clostridia and Bacilli as the two most abundant classes with 

63.2% and 30.9% of the total, respectively (Fig. 5.15c). 
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Figure 5.15 Taxonomic composition at the class level for a) Proteobacteria b) Bacteroidetes and C) 
Firmicutes phyla. 

PA  FL       PA  FL      PA  FL      PA  FL     PA  FL      PA  FL      PA  FL      PA  FL      PA   FL     PA  FL     PA  FL     PA  FL     PA   FL     PA  FL

PA  FL       PA  FL      PA  FL      PA  FL     PA  FL      PA  FL      PA  FL      PA  FL      PA   FL     PA  FL     PA  FL     PA  FL     PA   FL     PA  FL

PA  FL       PA  FL      PA  FL      PA  FL     PA  FL      PA  FL      PA  FL      PA  FL      PA   FL     PA  FL     PA  FL      PA  FL      PA   FL   PA  FL

a

b

c



 156 

At the family level, Flavobacteriaceae (Bacteroidetes) was the most abundant family 

in FL with 22.7%, followed by two families belonging to Gammaproteobacteria: 

Alteromonadaceae (3.0%) and OM60 (2,7%). Microbacteriaceae accounted for 3.0% of 

Actinobacteria. In the PA community, instead, Phyllobacteriaceae were the most abundant 

family (24.7%) within the Alphaproteobacteria, Bacteroidaceae (9.0%) the most abundant 

family within the Bacteroidetes, and Lachnospiraceae and Ruminococcaceae the most 

abundant families within the Firmicutes, with 2.4% and 1.9%, respectively. 

Biomarker analysis by LEfSe identified some Bacteroidetes (the genera 

Polaribacter, Sediminicola and Flavobacterium of the Flavobacteriaceae family), 

Gammaproteobacteria (OM60 and Alteromonadaceae families) and Actinobacteria 

(Candidatus Aquiluna genus of the Microbacteriaceae family) as indicators for the FL 

communities. Instead, Alphaproteobacteria (Phyllobacterium genus), Firmicutes 

(Clostridiales order) and Bacteroidia class (Bacteroides genus of the Bacteroidaceae family) 

were identified as indicators for the PA communities (Fig. 5.16). 

 
Figure 5.16 LEfSe analyses (LDA >4; p= 0.05) illustrate the taxonomic group that statistically 
differentiate FL (green) and PA (red) communities using the prokaryotic ASVs table. On the right, 
the list of taxa represented in taxonomic hierarchical cladogram. 

In order to investigate the differences observed between the PA communities in the 

cluster analysis, LEfSe analysis was performed again by dividing the stations in coastal (19, 
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23, 29, 32 and 33) and offshore (4, 9, 13, 15, 24, 25, 26, 27 and 34) (Fig. 5.17). The test 

identified the order Lactobacillales in the Firmicutes phylum, the genus Bacteroides of the 

Bacteroidales order and the Phyllobacterium genus of Rhizobiales order as indicators of 

offshore stations. Instead, the genera Loktanella and Marivita of the Rhodobacteraceae 

family were identified as indicators of coastal stations. 

 

 
Figure 5.17 LEfSe analyses (LDA >4; p= 0.05) illustrate the taxonomic group that statistically 
differentiate PA coastal communities (red) and PA open communities (green) using the PA ASVs 
table. On the right, the list of taxa represented in a taxonomic hierarchical cladogram. 
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5.4 Discussion 

At the time of sampling, the area was characterized by relatively high chlorophyll a 

concentrations and a phytoplankton community dominated by diatoms. Nutrient 

concentrations lied within the values already reported for the Northern Adriatic Sea in late 

winter, also in terms of N/P ratios (Solidoro et al. 2009; Cozzi and Giani, 2011). In general, 

the data presented confirm the previous observations that the complex dynamics of the 

environmental factors and the intermittent nature of river discharge determine an elevated 

plankton variability and patchiness in the area (Franco and Michelato, 1992; Aubry et al. 

2004; Pugnetti et al. 2004). 

The phytoplankton community was numerically dominated by diatoms and by small 

nanoflagellates belonging to different taxonomical groups, as often happens in late winter 

(Aubry et al. 2006). Several studies have described an annual phytoplankton cycle 

characterized by a late winter-early spring peak dominated by flagellates and the diatoms 

Pseudo-nitzschia spp., Skeletonema spp., Thalassiosira spp., and Chaetoceros spp. (Cabrini 

et al. 2012; Cerino et al. 2019), with Skeletonema spp. as main taxon of late winter-early 

spring blooms (Cabrini et al. 2012). In this study, the most abundant diatom at all stations 

sampled was Chaetoceros spp., followed by Leptocylindrus spp. and Skeletonema marinoi. 

These are species common to both the coastal and the offshore area and they differ only in 

their relative contribution. Unlike the reports from other authors (Totti, 2003; Bastianini et 

al. 2004; Aubry et al. 2004), where the increase in temperature and irradiance and the high 

nutrient concentrations in late winter triggered a bloom of Skeletonema marinoi at coastal 

stations, in our case Skeletonema marinoi was only the third most abundant species, replaced 

by Chaetoceros spp.. This is in accordance with a recent study on the phytoplankton 

temporal dynamics carried out in the North Adriatic Sea (Gulf of Trieste) over a period of 

eight years (from 2010 to 2017), where it was observed that after 2013 a significant decrease 

in Skeletonema spp. abundances in winter, with occasional delayed blooms occurring in 

spring, usually in May (Cerino et al. 2019). The winter decrease of this species had also 

already been observed in this same area by Cabrini et al. (2012) who suggested nutrient 

reduction as a possible cause. However, the temperature increase could have also played a 

role in this decline, and, as a matter of fact, the increase of surface water temperature in the 

North Adriatic Sea (Degobbis et al. 2000; Solidoro et al. 2009; Giani et al. 2012) and 

worldwide in coastal environments (Lima and Wethey, 2012) is generally recognized. 

Within the picophytoplankton, Synechococcus showed higher surface concentrations 

in the Northern part of the sampled area (in front of Venice), while picoeukaryotes were 
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mainly located at stations in front of the Po river mouth. Synechococcus is able to respond 

rapidly to nutrient inputs (Glover et al. 1988; Phlips et al. 1999; Agawin et al. 2000), but has 

also a great potential for nutrient acquisition in low-nutrient environments, due to their small 

size and great ability to use different nitrogen sources (Raven, 1998; Moore et al. 2002; 

Coello-Camba et al. 2020). This plasticity, though, is possibly due to different 

physiologically diverse serogroups which were not tested in this study (Scanlan et al. 2009; 

2012). Picoeukaryotes, instead, need higher nutrient concentrations, and they have been 

found abundant in colder waters with higher nitrate supply (Otero-Ferrer et al. 2018). This 

is confirmed by this study, where picoeukaryotes were more abundant near the Po river, 

while Synechococcus were more abundant away from the river inputs, in waters with lower 

nutrient concentrations.  

Heterotrophic prokaryotes dominated numerically total picoplankton at all stations (average 

105 cells ml-1). In general, prokaryotic abundances were highest near the mouth of Po river 

with a general decrease from the coast to offshore, in accordance with other studies reporting 

that heterotrophic prokaryotes are more abundant in areas with high productivity (Shiah, 

1999; Šilović et al. 2012; Paterson, 2013). Heterotrophic prokaryotes were separated into 

two subpopulations, HNA and LNA, based on differences in the side scatter and mainly in 

the relative green fluorescence, which represents nucleic acid content. The presence of 

distinct HNA and LNA fractions has been reported for a wide range of aquatic ecosystems 

(Bouvier et al. 2007). HNA prokaryotes have been sometimes considered as the active and 

dynamic part of the community, while LNA cells had been considered inactive, dead cell 

fragments (Gasol and Moràn, 1999), but there are evidences that not all HNA cells may be 

equally active (Morán et al. 2007), and that LNA cells may also be active, and even dominate 

bacterioplankton community metabolism in oceanic oligotrophic communities (Zubkov et 

al. 2001; Jochem et al. 2004; Longnecker et al. 2005). The relative abundance of the HNA 

and LNA cells is known to be related to chlorophyll a concentration and to bacterial 

production, suggesting that the structure of the community in terms of distribution of nucleic 

acid content is probably linked to overall system productivity (Bouvier et al. 2007). In fact, 

in coastal areas designated as mesotrophic or eutrophic (areas influenced by rivers), HNA 

prokaryotes are dominant in the microbial community, while in contrast, in oligotrophic 

environments, LNA prokaryotes usually represent the most active and dominating 

bacterioplankton community (Zubkov et al. 2001; Jochem et al. 2004; Longnecker et al. 

2005). In the present study, HNA concentrations followed the trend observed in total 

prokaryotic abundance and decreased from the coast to offshore, while LNA prokaryotes 

showed relatively low concentrations and modest contribution to total prokaryotes (less than 

50%). 
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The FL prokaryotes showed higher richness and diversity than PA, in accordance 

with other studies in Mediterranean waters (Acinas et al. 1999; Ghiglione et al. 2007) and in 

other marine ecosystems (Hollibaugh et al. 2000; Kellogg and Deming 2009), but contrary 

to other observations (Mestre et al. 2017). This could be due to the fact that the most of the 

particles were diatoms and of the same genus (Chaetoceros), thus representing a simplified 

environment for the attached prokaryotes, possibly because the particles to attach to were 

relatively homogenous, both in terms of diatoms, the dominating phytoplankton, and in 

terms of inert debris originating from the river. 

A clear separation was observed between the FL and the PA communities, confirming what 

was observed in other coastal sites (Crespo et al. 2013; Simon et al. 2014; Rieck et al. 2015; 

Mestre et al. 2017; Bachmann et al. 2018). It is not fully clear if a core community exists of 

obligate PA or FL bacteria, or if, instead, the two can be exchanged with one another. Some 

authors challenge this view, at least for the bathypelagic realm (Salazar et al. 2015) and in 

this study, at least Firmicutes appeared to be obligate PA. In any case, PA bacteria must also 

be capable of surviving freely in the water column even briefly, so they can colonize new 

particles (Pedros-Alio and Brock, 1983; Ghiglione et al. 2007). In fact, it has been observed 

that most members of the PA and FL bacteria are generalists, known to switch their lifestyles 

from attached to free-living and viceversa (Crespo et al. 2013; Li et al. 2015; Mestre et al. 

2018). In many marine sites similar to the sampled area, Alphaproteobacteria, 

Gammaproteobacteria and Bacteriodetes are represented and dominant in both PA and FL 

microbial fractions (Yung et al. 2016), although real differences must be investigated at finer 

taxonomic detail. 

Bacteroidetes were observed in both fractions, even if different classes were identified as 

indicators for the PA and FL communities. The Flavobacteria class was observed in the FL 

fraction, despite they are often reported as associated with phytoplankton and other particles 

and contain gene pathways involved in polysaccharide degradation (Kirchman 2002; 

Karrasch et al. 2003; Teeling et al. 2012). Furthermore, they require high levels of nutrients 

and organic matter (Kirchman, 2002; Elifantz et al. 2007) and this could explain their 

presence in the FL community in the North Adriatic Sea. 

The Bacteroidaceae family was, instead, identified as associated to particles. The class to 

which it belongs, Bacteroidia, is frequently found in soils and freshwater, they are considered 

specialized in the degradation of high molecular weight organic matter, i.e., proteins and 

carbohydrates (Thomas et al. 2011) and they are also described as inhabitants of plastic 

debris (Lee et al. 2008; Jain and Krishnan, 2017). Unexpectedly, in this study, instead, 

members of Bacteroides (genus belonging to the Bacteroidia class) were found in the PA of 

open waters, possibly marking advection from the river-influenced area. The same holds true 
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for Phyllobacteriaceae (family of the Alphaproteobacteria class) and for the Firmicutes 

phylum, indicating that their presence could be used as a marker of particles of terrestrial 

origin. In fact, the Phyllobacteriaceae family has been reported to thrive in soil, water and/or 

associated with plants (Willems, 2014), while members of Firmicutes have been reported as 

faeces-associated indicators in coastal waters (Basili et al. 2020), and as a major constituent 

of the faecal microbiome of humans and other animals (McLellan and Eren 2014). Members 

of Firmicutes are also commonly found in soil and in the guts of animals (Hirt, 2020), such 

as Lactobacillales (Kanak, 2019) that resulted to be indicator members of the PA prokaryotes 

in open waters (LEfSe analysis, Fig. 5.17). Based on this, the presence and abundance of 

Firmicutes in the PA fraction is possibly derived from a contamination of untreated sewage 

water discharged into the Po river and/or from terrestrial inputs in general. 

Within Gammaproteobacteria, the Alteromonadales and OM60 families were found in the 

FL fraction, contrary to what has been reported in several studies (Zhang et al. 2007; 

Fuchsman et al. 2011; Gomez-Consarnau et al. 2019), where they are usually retrieved from 

diverse marine habitats as typical PA bacteria. It is well known that most 

Gammaproteobacteria have high nutrient requirements (Schattenhofer et al. 2009) and they 

attach to particles as a strategy to avoid the nutrient-depletion (Crespo et al. 2013). However, 

this is hardly the case, as the Po river is a known source of nutrients, therefore suggesting 

that the nutrient abundance could have selected for FL representative, or else that they are 

not obligate PA bacteria. 

The genus Candidatus Aquiluna of the Microbacteriaceae family (Actinobacteria phylum) 

was found abundant in the FL fraction. This genus was initially proposed as an indigenous 

freshwater species (Hahn, 2009), but has been reported also from the coastal marine 

environment (Šilović et al. 2012; Elifantz et al. 2013). Its presence in the sampled area could 

also considered a marker of river-influence and terrestrial discharges in general. 

Despite the presence of Skeletonema marinoi no bacteria phylotypes matched the 

ones observed in cultures investigated in Chapter 3. This could be due to the initial 

prokaryotic communities being different at the time of the strain isolation or to the striking 

dominance of Chaetoceros spp. relatives to Skeletonema marinoi. 

In conclusion, this study shows that differences between PA and FL prokaryotes arise 

already when exploring high taxonomic level, and they appear even more evident at a finer 

taxonomic level, with a number of taxa showing a clear preference for either the FL or PA 

lifestyle. The origin of the particles (terrestrial, riverine, other) appears to have influence on 

the composition of PA communities and the extent to which PA and FL communities differ 

from each other. This likely depends on particle integrity and residence time at a given 
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location. It has been suggested that long particle residence times, as often found in estuaries 

and coastal systems, favor the development of phylogenetically distinct PA and FL groups 

(Crump et al. 1999, 2004; Selje and Simon, 2003; Zhang et al. 2007), although this trend is 

not observed in all coastal areas (Crump et al. 1999; Garneau et al. 2009). Moreover, in this 

study, the difference between coastal and open system is not very sharp in terms of 

prokaryote community similarity or lack thereof, probably due to the complex circulation 

pattern within the basin, with salinity appearing to be, but not to a high extent, a driving 

factor affecting FL and PA communities. 
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CHAPTER 6 

General discussion and conclusions
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6.1 Attachment to particles or living freely is a conserved trait? Are PA prokaryotes 

generalists, or specialists? 

The main objective of this study was the comparison, in terms of diversity and 

community structure, of free-living and particle-attached prokaryotic (Bacteria and Archaea) 

communities. 

Particles, such as phytoplankton or particulate organic matter (POM), provide important 

habitats for prokaryotes (Grossart, 2010), therefore becoming one ecological force driving 

prokaryotic diversity and dynamics (Rooney-Varga et al. 2005). Several environmental 

factors including nutrient availability, temperature, salinity (Bouvier and del Giorgio, 2002; 

Rieck et al. 2015) pH, or chlorophyll a concentration (Murray et al. 1998; Pinhassi et al. 

2004), depth, dissolved organic carbon (DOC), particulate organic carbon (POC), dissolved 

oxygen (DO) (Li et al. 2020) are considered playing important roles in structuring PA and 

FL microbial communities in situ (Li et al. 2020). In this work, temperature, salinity and 

chlorophyll a (in the Gulf of Naples, Chapter 4) were found to be involved in the variation 

of the prokaryotic community composition only to a small extent, while other variables (i.e., 

nutrients, total phytoplankton, photosynthetic pigments), when collected, were not. This 

points to the need of exploring additional factors and/or processes, such as predation by 

grazers and viral lysis in future studies. 

The ANOSIM tests indicated that the main factor driving bacterial community structure as 

a whole, in all datasets analyzed, was the attached vs free-living lifestyle, confirming 

previous observations of Ghiglione et al. (2007) in the Northwest Mediterranean Sea. 

Lifestyle, along with the observed lower diversity of the PA communities, confirmed several 

previous observations in the pelagic environment (Acinas et al. 1997; Covert and Moran, 

2001; Moeseneder et al. 2001). However, the question of which fraction contains more 

diversity has extensively been studied both in the Mediterranean Sea and in other 

ecosystems, presenting contradictory results with no trend easily attributable to geographic 

location, trophic conditions or other factors. In the Mediterranean Sea, some authors found 

more diversity in the FL fraction (Acinas et al. 1999; Ghiglione et al. 2007), while others in 

the PA fraction (Crespo et al. 2013; Mestre et al. 2017). The same is true for other marine 

ecosystems, with Hollibaugh et al. (2000) and Kellogg and Deming (2009) reporting higher 

diversity in the FL prokaryotes, while others finding the opposite (Zhang et al. 2007; Eloe 

et al. 2011; Fuchsman et al. 2011; Ortega-Retuerta et al. 2013; Bižić-Ionescu et al. 2015). In 

this study, the lower diversity (and richness) of PA prokaryotes could be attributed to 

concomitant phytoplankton blooms (in the Northern Adriatic Sea- Chapter 5), similar to 

what was observed in the Southern North Sea by Wemheuer et al. (2014), in the coastal bay 
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in East China Sea by Chen et al. (2016) and by Xu et al. (2020) in eutrophic urban lake in 

China, or to relatively higher phytoplankton concentrations (in the Gulf of Naples- Chapter 

4). This was true also in culture under controlled conditions (Chapter 3) and suggests that 

a narrow “niche” dimension of the particles might reduce diversity by selecting the most 

adapted species. A recent study on non-axenic Synechococcus cultures showed differential 

use of the organic matter produced by Synechococcus by different heterotrophic bacteria 

(Zheng et al. 2018), highlighting a clear specialization and suggesting that the algae can be 

considered as a niche-based filter promoting the growth of some specific bacterial clades 

rather than others (Teeling et al. 2012). These ecological niches select taxa with abilities for 

particle-association, chemotaxis, and enzymatic degradation and lead to their dominance 

(Xu et al. 2020). In our case, for instance (Chapter 3), Skeletonema marinoi and 

Skeletonema tropicum strain 2 provided a niche for the attachment of members of the 

Rhodobacteraceae (Alphaproteobacteria class), such as Phaeobacter and Thalassobius 

genera, respectively (Table 6.2). Phaeobacter is known to utilize diatom metabolites (and 

Skeletonema marinoi is known to produce many), and it also exhibits strong ability to thrive 

in the diatom phycosphere (Shibl et al. 2020). At the same time, Thalassobius is known to 

be associated with organic matter-enriched waters (McCarren et al. 2010; Bacosa et al. 2015) 

and for its ability to degrade polycyclic aromatic hydrocarbons (Rodrigo-Torres et al. 2017). 

Actually, the long-standing niche theory explains how microbial communities are shaped by 

deterministic abiotic (i.e., environmental factors) and biotic factors (i.e., species interactions) 

according to their different habitat preferences and fitness (Chase and Leibold, 2003). In the 

niche theory, every taxon is assumed to have unique and non-overlapping traits, which 

enable them to exhibit different responses/effects related to specific environments and 

therefore to occupy different ecological niches (Leibold, 1995). However, Hubbell (2001) 

proposed a neutral-stochastic ecological view, based on the assumption that all individuals 

are ecologically equivalent, share the same way of life and have a similar response/effect on 

environments. Therefore, interactions among microbes and between microbes and 

environments would be irrelevant ignored in the neutral theory (Hubbell, 2001). Nowadays, 

it is generally accepted that both deterministic and stochastic processes simultaneously affect 

the assembly of microbial communities (Stegen et al. 2012; Wang et al. 2013; Dini-Andreote 

et al. 2015; Evans et al. 2017; Tripathi et al. 2018). Certainly, a comprehensive perspective 

should integrate both processes to investigate the balance between the contributions of 

stochastic and deterministic processes to microbial community assembly across time, space, 

and habitat (Dini-Andreote et al. 2015), and to understand the mechanisms shaping microbial 

communities. The results presented here, however, highlighted the important role of 

deterministic processes, as described in the graph below, in particular of the inter-species 
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interactions and of the quality of organic matter, on the community structure of PA 

prokaryotes, based on the observation that algal blooms and algal cultures offer specific 

microhabitats and niches to the PA prokaryotes. 

 

Differences in the structure of FL and PA prokaryotic communities, however, did not 

arise when they were compared at the phylum level, but became more evident at the Class / 

Family level (Table 6.1 and 6.2). This suggest that the lifestyle is a selective trait arising at 

fine taxonomic level, possibly representing an adaptation to better exploit the available 

trophic resources. 
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Table 6.1 Prokaryotic families considered as indicators of PA or FL communities from all datasets 
analyzed in this study (except algal cultures), based on the LEfSe statistical analysis (LDA 4.0; p 
<0.05). 

PA families FL families 

Sphingomonadaceae (Proteobacteria) SAR11_CladeI (Proteobacteria) 

Phyllobacteriaceae (Proteobacteria) SAR11_CladeII (Proteobacteria) 

Xanthomonadaceae (Proteobacteria) SAR116clade (Proteobacteria) 

Moraxellaceae (Proteobacteria) Rhodobacteraceae (Proteobacteria) 

Rhodocyclaceae (Proteobacteria) Alteromonadaceae (Proteobacteria) 

Thermaceae (Deinococcus-Thermus) OM60 (Proteobacteria) 

Bacillaceae (Firmicutes) Balneolaceae (Bacteroidetes) 

Ruminococcaceae (Firmicutes) Cyclobacteriaceae (Bacteroidetes) 

Lachnospiraceae (Firmicutes) Flavobacteriaceae (Bacteroidetes) 

Saprospiraceae (Bacteroidetes) Microbacteriaceae (Actinobacteria) 

Flavobacteriaceae (Bacteroidetes) MarineGroupII:unculturedarchaeon (Archaea) 

Bacteroidaceae (Bacteroidetes) Nitrosopumilaceae (Archaea) 

Pirellulaceae (Planctomycetes) 
 

 

Table 6.2 Prokaryotic families and genera considered as indicators of PA or FL communities from 
diatom cultures analyzed in this study, based on the LEfSe statistical analysis (LDA 4.0; p <0.05). 

Skeletonema marinoi PA Skeletonema marinoi FL 
Rhodobacteraceae; Phaeobacter Flavobacteriaceae; NS3amarinegroup 
NS9marinegroup Nitrincolaceae; Marinobacterium  

Rhodobacteraceae; Roseovarius   

Skeletonema tropicum strain1 PA Skeletonema tropicum strain1 FL 
Rhodobacteraceae Rhodobacteraceae 
Marinobacteraceae; Marinobacter Methylophilaceae; OM43clade 
Flavobacteriaceae; Aquibacter 

 
  

Skeletonema tropicum strain2 Skeletonema tropicum strain2 
Rhodobacteraceae; Thalassobius Rhodobacteraceae  

Pseudohongiellaceae; Pseudohongiella  
Cyclobacteriaceae; Fabibacter 

 

As observed in many marine systems, Alphaproteobacteria, Gammaproteobacteria 

and Bacteroidetes are the main phyla and classes in both PA and FL microbial fractions 

(Yung et al. 2016). Some studies have also confirmed that at higher taxonomic levels, 

prokaryotes show conserved lifestyles either as PA or as FL (Eloe et al. 2011; Salazar et al. 
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2015; Liu et al. 2018a). However, at a finer taxonomic level, a clear separation can be 

observed, and most of the dominant prokaryotic taxa of PA and FL fractions are significantly 

different, indicating that they are taxonomically distinct, also within the same taxa. Possibly, 

the differentiation factor is represented by their preference for different microenvironments, 

likely characterized by different kinds of organic particles, both in nature and in culture 

(Chapter 6- Table 6.1 and 6.2). These results are also confirmed by the small number of 

shared ASVs between PA and FL prokaryotes in all datasets explored in this study. When 

the all in situ data are considered, only the Flavobacteriaceae family appears in both PA and 

FL communities (Table 6.1). 

Despite no clear obligate PA or FL organisms were identified from the data presented in this 

study, some phyla, such as Firmicutes and Planctomycetes, exhibited a clear preference for 

the PA lifestyle. Firmicutes are typically more abundant in the PA fraction of bacterial 

assemblages (Crespo et al. 2013; Mestre et al. 2017), representing consistent large 

components of microbial communities in soil (Roesch et al. 2007; Youssef and Elshahed, 

2009) and their presence at sea could possibly indicate a terrestrial origin. Planctomycetes 

are, instead, known to be specialized degraders of marine snow and thus play a key role in 

global carbon turnover (Woebken et al. 2007). They are also known inhabitants of the 

surfaces of marine macroalgae (Lage and Bondoso, 2014). On the contrary, the Archaea 

were highly restricted to a FL lifestyle, in fact both Thaumarchaeota (MGI) and 

Euryarchaeota (MGII) had a significant association with the FL lifestyle (Chapter 6- Table 

6.1). MGI are cosmopolitan chemolithoautotrophs, numerically more abundant in the 

ocean's interior and responsible for aerobic ammonia oxidation (Karner et al. 2001), but 

members of the MGI have also been isolated from the surface ocean (Könneke et al. 2005; 

Qin et al. 2014). In this work MGI are reported in the FL fractions, as also shown by Li et 

al. (2020), but other studies presented no distinction in the relative abundance of MGI among 

PA and FL fractions (Eloe et al. 2011; Jing et al. 2018). The marine group II (MGII) of the 

Euryarchaeota phylum are common within the upper euphotic zone (Massana et al. 2000; 

Martin-Cuadrado et al. 2015), they are usually found in particle-rich waters (Galand et al. 

2008), and in general, their physical association with particles has also been reported (Orsi 

et al. 2015). However, other studies have shown that FL populations of MGII are distinct 

from those PA ones (Galand et al. 2009), suggesting a different genomic composition (Orsi 

et al. 2015) in the different habitats. 

On the other hand, the Flavobacteriaceae family of the Bacteroidetes phylum appeared both 

in the FL and PA fractions (Table 6.1), in accordance with other studies (Bachmann et al. 

2018; Zhang et al. 2020). In general, Flavobacteriaceae are more abundant in the surface 

waters, they are both free-living and attached to organic aggregates, and might play an 
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important role in the degradation of complex polymeric organic matter (Kirchman, 2002; 

Alonso et al. 2007). These surface particle colonizers exhibit many competitive advantages, 

including an increased ability to acquire nutrients, protection from adverse environments 

and predation, enhanced community organization, and better inter-population interactions 

(Dang et al. 2008; Zhang et al. 2016). 

In conclusion, despite no unique assignments, in each dataset analyzed many of the 

prokaryotes (Bacteria and Archaea) exhibited a preference for the FL or the PA lifestyle 

when analyzed at a finer taxonomic level, allowing to define them as “specialists”. Some 

other taxa, on the other hand, were significantly associated to both lifestyles and can be 

considered as “generalists”. These are mainly represented by Flavobacteriaceae and 

Rhodobacteraceae. Both of them, in fact, are known to be able to both colonize particles and 

detach and live free (Dang and Lovell, 2000; Dang et al. 2008; Gonzalez et al. 2008). 
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6.2 The role of particles on the structure of the PA prokaryotic community 

The community composition of both the FL and PA prokaryotic groups was 

associated with environmental factors and the origin of particles (terrestrial, riverine, pure 

oceanic), which appear to have a strong influence in determining the diversity and 

composition of PA communities. This supports the observation that the variability in quality 

and abundance of particles strongly affects the diversity and composition of PA prokaryotes 

(Simon et al. 2002; Rösel and Grossart, 2012). Differences in hydrodynamic conditions and 

primary production, in fact, can lead to changes in organic matter quantity and quality that 

results in different aggregation dynamics and then in a different microbial particle 

colonization (Rieck et al. 2015). Changes in water conditions and concentrations of 

particulate as well as dissolved matter were shown to correlate with seasonal changes in 

abundant taxa of heterotrophic bacteria (Crump et al. 2003; Fortunato et al. 2013). Ortega- 

Retuerta et al. (2013) also suggested that PA community composition in the ocean is mainly 

determined more by particle quality than by their quantity, since differences between PA 

and FL bacteria are not always correlated to POM concentrations, whereas the ratio between 

PA and FL bacteria relates well to suspended particulate matter quality. Not only 

“phycospheres” and “detritospheres” represent micro-niches for PA prokaryotes, but in the 

last years, evidence is accumulating that plastic debris offers a new habitat for bacteria and 

the “plastisphere” is also found to be genetically different from the FL water-column 

prokaryotes (Zettler et al. 2013), and, in turn, also from the PA prokaryotes (Dussud et al. 

2018). A recent study (Zhang et al. 2016) also tested the chemical composition of particulate 

organic matter (POM) in the South China Sea, with the hypothesis that it may affect PA 

microbes more than FL ones. However, the opposite was found, probably because the release 

of labile and semi-labile DOC contributes to the bioavailability of DOC for FL prokaryotes, 

which are more suited to use it. 

Therefore, although a lot of information is available on PA microorganisms (and not 

only prokaryotes), important gaps remain in our knowledge, particularly regarding 

community structure, dynamics, functions as well as processes and mechanisms of microbial 

colonization in the dynamic natural marine environment. Metabolic rates and metabolite 

exchanges are to be included in functional studies, also addressing the contribution of PA 

communities to trophic interactions, also in the context of trophic transfer. Further 

investigations are also needed to gain a detailed understanding of the PA prokaryotes and of 

their adaptation to this lifestyle in terms of contribution to global biogeochemical cycles, for 

instance, in the deep sediments of the world’s ocean, where particulate matter accumulates. 
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