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ABSTRACT 

Marine microbiomes, either free-living or associated with mulOcellular hosts, play a determinant role in 

supporOng the funcOoning and biodiversity of marine ecosystems, thus providing essenOal ecological 

services and promoOng the health of the enOre biosphere. In the Anthropocene, in which we now live, the 

fast and restless increase of World’s human populaOon strongly impacts life on Earth in the forms of ocean 

polluOon, coastal zone destrucOon, overexploitaOon of marine resources, and climate change. Thanks to 

their phylogeneOc, metabolic and funcOonal diversity, marine microbiomes represent the Earth’s biggest 

reservoir of soluOons against the major threats that are now impacOng marine ecosystems. In this scenario, 

it is of primary importance to study and exploit the mechanisms of microbial-derived adapOve response in 

marine holobionts, because they can provide valuable insights for deriving biotechnological applicaOons to 

preserve the health of the ocean ecosystems. Moreover, microbial-based miOgaOon strategies heavily rely 

on the available knowledge on the specific role and composiOon of holobionts associated microbial 

communiOes, in order to assess whether variaOons can act as early bio-indicators of anthropogenic-induced 

stress, thus highlighOng the importance of pioneer studies on microbial-mediated adapOve mechanisms in 

the marine habitats. 

In this context, here we propose different study models represenOng ecologically important, widely 

distributed, and habitat-forming organisms, to further invesOgate the ability of marine holobionts to 

dynamically adapt to natural environmental variaOons, as well as to anthropogenic stress factors. 

In this PhD thesis, we were able to supply a complete characterizaOon of the microbial community 

associated with the model anthozoan cnidaria Corynac,s viridis throughout a seasonal gradient, in order to 

provide criOcal insights into microbiome-host interacOons in a biomonitoring perspecOve. We also dissected 

in details the microbial-derived miOgaOon strategies implemented by the benthonic anthozoan Anemonia 

viridis and the model gastropod Patella caerulea as models of adaptaOon to anthropogenic stressors, in the 

context of bioremediaOon of heavily human-impacted habitats and for the monitoring and preservaOon of 

coastal marine ecosystems, respecOvely. Finally, we provided a funcOonal model of adaptaOon to future 

ocean acidificaOon condiOons by characterizing the microbial community associated with the temperate 

coral Balanophyllia europaea naturally living at low pH condiOons, in order to implement microbial based 

acOons to miOgate climate change. 
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CHAPTER 1 - INTRODUCTION 

1.1 Microbiome research: historical overview and main concepts 

From the discovery of microorganisms in the 1670 thanks to the Dutch businessman and scienOst Antonie 

van Leeuwenhoek, commonly known as “the Father of Microbiology”, many major historical events defined 

the development of the microbiome research as it is nowadays, as summarized by Berg and co-workers 

(2020). Microbiology research has historically emerged as a branch of ecology, thus providing an 

interdisciplinary plakorm for many fields. The conOnuous innovaOon of invesOgaOon methods and 

technologies, combined with the most brilliant minds of the past two centuries, led to an impressively rapid 

development in the microbiology research field as a central topic for both the scienOfic community and the 

general public. 

From the observaOon of microorganisms through the first developed microscope, it became evident that 

these invisible enOOes, originally called “animalcules", could be found in all kind of samples. Moreover, it 

became soon clear that these microorganisms were interacOng with each other in complex communiOes, 

such as biofilms (Berg et al., 2020). Although the first focus of microorganisms research shi^ed towards 

pathogenic agents, advancements in microbial ecology during the nineOeth century highlighted that the 

majority of microbes — that can be found everywhere in natural environments and are o^en associated 

with pluricellular hosts — are essenOal for ecosystems funcOoning, where they establish beneficial 

interacOons with other microbes as well as macroorganisms (Podolsky, 2012). In this scenario and given 

their complex interacOons, microorganisms can hardly be considered as individual enOOes, but they 

establish interacOons where crosstalk is essenOal for community structure and funcOonal acOvity (Bassler, 

2002). These communiOes have been defined as assemblages of microorganisms from different species 

living together and interacOng with each other in a conOguous environment (Konopka, 2009). StarOng from 

this definiOon, in 1988 the term microbiome was introduced for the first Ome as a “characterisOc microbial  

community (micro)” living in a “reasonably well-defined habitat which has disOnct physio-chemical 

properOes (biome)” (Whipps, 1988). With the advancement of technologies that allowed to unravel all the 

potenOal of microbial communiOes, this first definiOon of microbiome has been modified many Omes in 

order to include the type of interacOons that microorganisms could form between themself or within an 

environment (Lederberg and McCray, 2001; Marchesi and Ravel, 2015; del Carmen Orozco-Mosqueda et al., 

2018), to describe their collecOve genome and geneOc potenOal (Schlaeppi and Bulgarelli, 2015; Arevalo et 

al., 2019; Nature.com: Microbiome ; ScienceDirect: Microbiome ) and to define their possible associaOons 1 2

and interacOons with hosts (Merriam-Webster DicOonary: DefiniOon of Microbiome ; Human Microbiome 3

Project ). 4

The general consensus in the scienOfic community is that these “characterisOc microbial communiOes” 

comprise all the living members of such communiOes (e.g., bacteria, archaea, fungi, etc.), whereas it is not 

as clear whether viruses and phages, but also relic DNA, should be included in this definiOon. In order to 

solve this controversy, it is possible to refer to all these components with the term microbiome, while 

 h`ps://www.nature.com/subjects/microbiome. Accessed 28 Oct 2021.1

 h`ps://www.sciencedirect.com/topics/immunology-and-microbiology/microbiome. Accessed 28 Oct 2021.2

 h`ps://www.merriam-webster.com/dicOonary/microbiome. Accessed 28 Oct 2021.3

 h`ps://hmpdacc.org. Accessed 28 Oct 2021.4
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“microbiota” indicates only its living 

subsecOon (Marchesi and Ravel, 2015). 

Microbiome members not only share a 

well defined habitat with specific 

properOes, but also interact with each 

other in different kind of relaOonships, 

with diverse effects on the microbial 

community phenotype (Banerjee et al., 

2018). Microorganisms can indeed 

form posiOve networks, such as 

mutualisOc and synergisOc interacOons 

or commensalism, negaOve networks , 

such as predaOon, parasiOsm or 

co m p e O O o n s , o r e ve n n e u t ra l 

interacOons (Figure 1) (Berg et al., 

2020). Microbiome composiOon, 

however, is not only influenced by the 

relaOonship between its different 

members. External factors drive the 

dynamics of environmental microbiomes according to the classic hypothesis that “everything is everywhere, 

but the environment selects” (De Wit and Bouvier, 2006), thus spaOotemporal dynamics also have a great 

effect in shaping microbiome structure and funcOons (Shade et al., 2013; Graham et al., 2016). 

By observing subsequent composiOonal changes in a microbial community in response to environmental 

perturbaOon, it is possible to disOnguish between stable and permanent members of a certain ecosystem 

and its intermi`ent part, that might be associated only with specific environmental condiOons. The “core 

microbiome” has been typically defined “as the suite of members shared among microbial consorOa from 

similar habitats” (Shade and Handelsman, 2012), although this definiOon has been subsequently widen to 

take into account the core geneOc funcOons of a specific community (Lemanceau et al., 2017). Through the 

idenOficaOon of the core species, the ecological role of microbial consorOa can be assessed and community 

responses to perturbaOon can be predicted, assuming that commonly occurring organisms that appear in all 

assemblages associated with a parOcular habitat are stably present and essenOal for the funcOoning of that 

type of community (Shade and Handelsman, 2012).  

All the concepts described here can be applied to microbe-microbe interacOons, characterizing free-living 

communiOes in the environment, and microbiome-host interacOons. The idea of studying complex systems 

in their enOrety, focusing on the interconnecOon between different components rather than on individual 

parts, dates back to the 4th century BC with Aristotle and his philosophical noOon defined holism. According 

to holism, complex systems have emerging properOes resulOng from the combinaOon of their components, 

a noOon described in the Metaphysics as “the  totality is not, as it were, a mere heap, but the whole is 

something besides the parts” (Met. H.6). The holisOc idea renewed his popularity at the beginning of the 

1900s, when the endosymbiosis theory, according to which eukaryoOc cells symbioOcally assimilated 
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Figure 1 - Microbial interacOons visualized through microbial co-
occurence networks (adapted from Berg et al., 2020).



prokaryotes via phagocytosis to form mitochondria and later plasOds, was proposed (Mereschkowski, 1905; 

Wallin, 1925). Although this theory was generally accepted, the term holobiont was introduced only later in 

the scienOfic scenario. This term was coined independently by Meyer-Abich (1943) and Lynn Margulis 

(1990), proposing that the main mechanism of evoluOon acted through symbiosis-driven leaps that merged 

organisms into new forms, referred to as holobionts, and only secondarily through gradual mutaOonal 

changes (Di`ami et al., 2021). The first Ome the word holobiont was used to idenOfy a unit of selecOon was 

at the beginning of the XXI century by coral biologists, in order to describe the coral holobiont as the 

associaOon of the cnidarian polyp, endocellular algae of the family Symbiodiniaceae, and ectosymbionts 

(i.e., prokaryotes, other unicellular eukaryotes, viruses) (Rohwer et al., 2002). Similarly to the study of 

microbe-microbe interacOons, leading to the necessity to consider microbial communiOes as a whole, host-

associated microorganisms also need to be considered in the nature of their associaOon to gain insights into 

their ecological role in host physiology, health and behavior (Apprill, 2017). 

1.2 Environmental marine microbiomes associated with seawater, sediments and air 

Open oceans, soil, and oceanic and terrestrial subsurfaces are the biggest reservoirs of Earth’s prokaryotes, 

where the number of cells has originally been esOmated to be 1.2 × 1029, 2.6 × 1029, 3.5 × 1030, and 0.25–

2.5 × 1030, respecOvely. They represent the largest pool of life’s geneOc diversity and they are an essenOal 

component of the Earth’s biota (Whitman et al., 1998). Since 3.5 billions of years ago, when life on Earth 

originated as microorganisms in the oceans, these microorganisms established the necessary condiOons of 

the Earth’s biosphere for the evoluOon of complex biological communiOes. Being at the foundaOon of the 

biosphere and major determinants in the health and support of complex ecosystems, microbiomes play a 

primary, fundamental role in life on Earth, with their study being pivotal to the understanding of all living 

things (Schaechter et al., 2004). Microbial oceanography is a discipline born to integrate microbial ecology 

and oceanography to study the the role of microorganisms in biogeochemical dynamics of natural marine 

ecosystems (Karl, 2007). Oceans represent the largest conOguous habitat on Earth. Despite the absence of 

rigid physical barriers, the global ocean is composed by a set of different and semi-isolated habitats 

(Longhurst, 2010). Ocean circulaOon is responsible for the broad distribuOon of dissolved nutrients that, 

together with solar energy, represent the basis for life development in the sea. Closer to the costal 

environments, marine environments are influenced by the input of materials from the inland, such as 

sediments, freshwater, organic carbon and nutrients, affecOng microbial producOvity and increasing habitat 

variability. On the contrary, deeper environments (> 4 km) are characterized by relaOvely constant physical 

and chemical properOes (Karl, 2007). Microorganisms inhabiOng marine ecosystems in a planktonic state 

are esOmated to be 104 to 106 cells per milliliter, thus accounOng for the largest fracOon on biomass and 

biodiversity in the ocean (Sunagawa et al., 2015). They collecOvely provide criOcal funcOons to the oceans 

and Earth by driving the global biogeochemical processes, such as carbon and nutrient cycling and organic 

ma`er degradaOon (Falkowski et al., 1998), and regulaOng the gaseous composiOon of the atmosphere 

through their roles in oxygen producOon (Apprill, 2017). Due to the high straOficaOon of microbial 

assemblages on the verOcal dimension (depth), it is important to characterize microbial geneOc content 

within the epipelagic layer, both from the surface water and the deep chlorophyll maximum (DCM) layers, 

as well as the mesopelagic zone. The environmental parameters acOng as the main drivers of microbial 
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community variability, both at taxonomic and funcOonal level, have been shown to be depth and 

temperature, in the phoOc open ocean (Sunagawa et al., 2015). As for microbial funcOonality 

characterizaOon, the funcOonal core of the epipelagic zone is almost completely included in the 

mesopelagic funcOonal core, that is instead enriched in aerobic respiraOon genes. This could be connected 

to the role of the mesopelagic zone as a key site for remineralizaOon of organic ma`er and suggests 

microbial precipitaOon from the epipelagic layer into the mesopelagic zone, making it a fundamental area of 

carbon storage and burial in the biosphere (Arístegui et al., 2009). 

The upper 10 cm of sediment in the open ocean is included in the oceanic habitat because it can be 

considered essenOally conOguous with the overlying water column. On the other hand, oceanic subsurface 

is defined as marine sediments below the upper 10 cm (Whitman et al., 1998). The total microbial cell 

abundance in subseafloor sediment can vary between sites depending on mean sedimentaOon rate and 

distance from land. As for today, the global subseafloor sedimentary microbial abundance has been 

esOmated to be 2.9 x 1029 cells, comprising only 0.18 to 3.6% of Earth’s total living biomass (Kallmeyer et al., 

2012). Depth is the main factor influencing microbial abundance in the oceanic subsurface, with a decrease 

in prokaryoOc cells concentraOon associated with increasing depth (Hoshino et al., 2020). Different studies 

measured microbial concentraOon at decreasing depth. Parkes et al. (2000) showed that in more superficial 

sediments , microbial concentraOon can vary between 1.4 and 4 x 109 cells/cm3 in the top 1 m and 

decreases rapidly with depth. Schippers et al., (2005) measured the living component of microbial 

abundance in open ocean subsurfaces at different sites. The cell concentraOon varied from 108 cells/cm3 in 

the most superficial part to 106 cells/m3 at 40 m depth. Another factor that could limit bacterial distribuOon 

in deep sediments is the increasing temperature during burial. It is possible that only few bacteria are able 

to grow at elevated temperatures and/or that elevated temperatures may compound the limitaOon of 

organic ma`er during burial. However, some bacterial populaOons might be able to survive at very high 

temperature, being geneOcally equipped to bear thermophilic or hyper-thermophilic condiOons (Parkes et 

al., 2000). 

Open oceans not only act as one of the main reservoirs of prokaryotes concentraOon and geneOc diversity, 

but marine aerosol consOtute an important link between the oceans and the composiOon of the 

atmosphere, the hydrological cycles, and the Earth’s temperature, with obvious impacts on human and 

ecosystems health. Primary sea spray aerosol (SSA) is generated at the ocean surface by bubble-bursOng as 

the result of breaking waves. Secondary marine aerosol (SMA) is instead formed by the oxidaOon of volaOle 

gasses from the ocean through nucleaOon processes, resulOng in the formaOon of new parOcles. SMA can 

also condense onto already exisOng parOcles, influencing their chemical composiOon and properOes (Mayer 

et al., 2020). Given the criOcal role of marine aerosols in impacOng atmosphere composiOon and climate, it 

is important to understand how ocean biological acOvity can impact their formaOon. SSA is emi`ed over 

nearly three-quarters of our planet, as oceans cover more than 70% of the Earth’s surface (Schiffer et al., 

2018), thus the link between marine aerosol formaOon and air microbiome composiOon is extremely 

important. The complex system of parOcles in suspension in the atmosphere, either defines as aerosol or 

Airborne ParOculate Ma`er (APM), can be consOtuted by a wide variety of sources, including marine 

aerosol. The “airborne microbiome” (AM) is the fracOon of biological aerosol including microorganisms 

(Mescioglu et al., 2019). AM can be transported over large distances, across conOnents and oceans, 
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contribuOng to atmospheric events like ice nucleaOon and cloud processing (DeLeon-Rodriguez et al., 2013) 

and being responsible for the spreading of microorganisms over the planet surface, affecOng the 

geographical biome and, ulOmately, human health (Huang et al., 2014; Michaud et al., 2018). 

1.3 SymbioOc associaOons between micro- and macroorganisms: the marine holobionts 

From the beginning of the XXI century, when the term holobiont was firstly introduced, relaOonships and 

interacOons between microorganisms and marine animals have been invesOgated over the past two 

decades, making holobionts a growing research area within the field of marine science. Technological 

advancements paved the way for a massively increased sequencing effort in the last decade, providing new 

important insights into the understanding of marine holobionts (Douglas, 2010; McFall-Ngai et al., 2013). In 

parOcular, key issues such as microbial community assembly and maintenance, as well as funcOonal role of 

microbial components in different holobionts’ ecosystems have been addressed. 

Microbiome assembly is the mechanisms of selecOon used by the host to control the source and 

composiOon of its microbial partners. The microbial transmission pa`ern in marine hosts is a primary factor 

for the stability of their microbiome. Microbiomes can indeed follow different transmission modes, from 

verOcal to horizontal and environmental acquisiOon (Simon et al., 2019). Funkhouser and Bordenstein 

(2013) described microbiome verOcal transmission in the bivalves of the Vesicomyidae family and in marine 

sponges. Vesicomyid clams present a rudimentary gut and rely on sulfur-oxidizing bacteria found 

intracellularly within specialized host cells in the clam's gills. In this model, verOcal transmission is the main 

mechanism for the maintenance of these symbionts. Another example of verOcal transmission is 

represented by the sponge holobiont. Sponges are amongst the first mulOcellular animals that evolved over 

600 million years ago, hosOng a wide range of extracellular microbial symbionts. Many of these bacteria can 

be found in different sponge species from different areas, but they are not present in the surrounding 

seawater. Thus, it has been hypothesized that these sponge-specific microbes originated from ancient 

colonizaOon events, before the diversificaOon of marine sponges, and are maintained in sponge evoluOon 

via verOcal transmission (Taylor et al., 2007; Schmi` et al., 2007 and 2008). However, in sponges verOcal 

transmission is not the only path for microbial assembly: it has also been shown that rare taxa found at very 

low abundance in the surrounding seawater may serve as seed organisms for widely occurring symbionts in 

sponge hosts, thus defining a mixed mode of transmission, both verOcal and horizontal (Webster et al., 

2010). Corals can also present mixed forms of microbial transmission. For example, it has been shown that 

bacterial establishment is mainly environmentally driven in very early life stages but at least one bacterial 

strain is likely acquired within the parental environment. As for the coral associated microalgae, both 

verOcal transmission and novel acquisiOon were observed (Epstein et al., 2019; Damjanovic et al., 2020). 

Microbial community maintenance across the holobiont lifespan can be carried out as a selecOon by both 

the host and other components of the microbiome. A first method of host selecOon is represented by the 

secreOon of specific anOmicrobial pepOdes, that are able to shape species-specific bacterial associaOons 

(Franzenburg et al., 2013). Another chemical method of selecOon is the so-called microbial gardening, a 

concept firstly described in land plants, where root exudates manipulate microbiome composiOon (Lebeis et 

al., 2015). This finds some evidences in marine animals as well, although not much informaOon is available 

yet. According to this theory, marine-specific chemical interacOons can occur between the host and its 
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symbionts. For instance, seaweeds are able to chemically garden beneficial microbiomes and both 

seaweeds and corals shape their surface-associated microbiome by producing chemo-a`ractant and anO-

bacterial compounds (Kessler et al., 2018; Ochsenkühn et al., 2018; Saha and Weinberger, 2019). Besides 

direct selecOon from the host, other events can shape holobionts microbial composiOon, such as ecological 

dri^, dispersal (especially due to the high connecOvity of aquaOc environments), evoluOonary diversificaOon 

(coevoluOon or adaptaOon to host selecOon might also be driven by horizontal gene acquisiOon), or a 

combinaOon of these processes and selecOon. However, the influence of these mechanisms on microbial 

composiOon is more difficult to esOmate and studies are sOll in their infancy (Di`ami et al., 2021). 

Another main goal of marine ecology research is to understand which funcOons are delivered by the 

microbiota to the host and what are the resulOng phenotypic and fitness effects (Simon et al., 2019). In 

order to do so, it is important to characterize the microbial phylogeneOc and funcOonal core (i.e., taxonomic 

composiOon and metabolic funcOonaliOes), common to different individuals of the same species and use 

this knowledge as a starOng point to invesOgate how changes from standard condiOons can affect host 

metabolism and physiology. Host species-specificity of microbiomes plays indeed a fundamental role for the 

characterizaOon of microbial phylogeneOc and funcOonal core, with pa`erns of phylosymbiosis, where 

similariOes in host-associated microbial communiOes summarize the phylogeny of their hosts, that can 

provide criOcal insights into microbiome-host interacOons (Kohl, 2020; Mallo` and Amato, 2021). 

1.4 Marine holobionts model species 

The characterizaOon of microbial pa`erns of phylosymbiosis for the idenOficaOon of species-specific 

associated microbiomes is parOcularly hard due to the big variety of marine species and their different 

physiological responses. To reduce this complexity, it is possible to consider some model species as 

representaOve marine animals carrying important ecological funcOons. 

Sponges and corals are amongst the most studied model marine holobionts due to their important role as 

habitat-forming species, at the basis of the trophic chains, playing a major role in establishing and 

organizing the ecosystem structure and determining its producOvity (Lemieux and Cusson, 2014). These 

organisms host excepOonal diverse microbial communiOes and they are globally distributed in a wide range 

of benthic habitats (Pita et al., 2018). 

Pita and co-workers (2018) reviewed the microbial ecological funcOons in sponges. The microbial core 

diversity across worldwide collected sponges, as a part of the Global Sponge Microbiome Project (MoiOnho-

Silva et al., 2017), defines species-specific microbial communiOes composed of both generalist 

microorganisms, detected in the majority of sponge species from diverse geographic regions, and 

specialists, enriched in certain species but rare or absent in most of them (Astudillo-García et al., 2017; 

Steinert et al., 2017). This highlights the importance of host-related factors in the selecOon and shaping of 

the core microbiome. Different environmental condiOons, such as life stage or seasonality, depth, and 

habitat type, can also impact sponge microbial diversity in its variable fracOon (Morrow et al., 2016; Steinert 

et al., 2016; Weigel and Erwin, 2017). Due to their major role as habitat-forming species, the study of 

sponge holobionts also expands to the interacOons with the surrounding habitat, in the concept of nested 

ecosystems (Figure 2). Different metabolic features can be generally described for sponge associated 

microbiome, including auto- and heterotrophic pathways to exploit the nutrients available in the sponge 
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environment, and pathways that 

contribute direct ly to the 

symbioOc relaOonship with the 

sponge host. For example, 

common photoautotrophic 

symbionts found in sponges 

provide their host with fixed 

carbon and nitrogen for its 

energy requirements, while 

contribuOng to the ecosystem 

primary producOvity (Freeman 

and Thacker, 2011; Freeman et 

al., 2013). Nitrogen is a limiOng 

n u t r i e n t i n t h e m a r i n e 

environment and, since it is 

excreted by the the sponge host 

in the form of the waste product 

ammonia, it is coherent to find 

that sponge symbionts are 

enriched in nitrogen metabolism 

genes (Bayer et al., 2014; Li et al., 2016), meaning that sponge symbionts play a crucial role in the 

biogeochemical cycling of nitrogen (Hoffmann et al., 2009; Radax et al., 2012; Ribes et al., 2012; Li et al., 

2014; Zhang et al., 2014; Ribes et al., 2015). Sponge associated microbiomes are also able to influence 

phosphorus availability, again affecOng the ecosystem primary producOon (Colman, 2015; Zhang et al., 

2015). Sponge associated microbial communiOes rely on nutrient sources from the sponge filtering acOvity 

or produced by the sponge itself, thus the degradaOon of complex carbohydrates is a common 

heterotrophic feature in sponge symbionts (Kamke et al., 2013; Webster and Thomas, 2016; Slaby et al., 

2017). Sponge microbiome core funcOons can also benefit the host by producing and making available 

vitamins or secondary metabolites that contribute to the sponge chemical defense (Thomas et al., 2010; 

Wilson et al., 2014; Fiore et al., 2015), such as anO-predatory compounds (Della Sala et al., 2014; Rohde et 

al., 2015; Lackner et al., 2017), thereby influencing the benthonic community structure in terms of spaOal 

compeOOon. 

Corals also occupy a key ecological posiOon in the benthonic habitats, where they represent foundaOon 

species at the basis of the trophic chain. Although corals perform their nutrient intake via heterotrophic 

feeding, they largely rely on their symbioOc associaOons for a proficient nutrient acquisiOon. Indeed, the 

endosymbioOc dinoflagellates of the Symbiodiniaceae family provides nutrients and energy to the coral host 

through the transfer of photosynthates (Stat et al., 2006). The prokaryoOc community associated with corals 

is also able to perform carbon fixaOon and to use simple and complex carbohydrates to recycle a porOon of 

the carbon and energy invested in mucus producOon (Bourne et al., 2016; Robbins et al., 2019). Similarly to 

sponges, one of the core funcOons of the coral associated microbiome is represented by the metabolic 
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Fig. 2
From: The sponge holobiont in a changing ocean: from microbes to ecosystems

The sponge holobiont as an example of the concept of nested ecosystems. Key functions carried out by the microbiome (colored arrows) influence holobiont
functioning and, through cascading effects, subsequently influence community structure and ecosystem functioning. Environmental factors act at multiple
scales to alter microbiome, holobiont, community, and ecosystem scale processes. Thus, factors that alter microbiome functioning can lead to changes at the
holobiont, community, or even ecosystem level and vice versa, illustrating the necessity of considering multiple scales when evaluating functioning in nested
ecosystems. DOM, dissolved organic matter; POM, particulate organic matter; DIN, dissolved inorganic nitrogen
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Figure 2 - The sponge holobiont as an example of nested ecosystem. Key 
funcOons carried out by the microbiome influence holobiont funcOoning 
and, consequently, community structure and ecosystem funcOoning. Thus, 
factors altering the microbiome funcOoning can lead to changes at the 
holobiont, community, or even ecosystem level. DOM, dissolved organic 
ma`er; POM, parOculate organic ma`er; DIN, dissolved inorganic nitrogen 
(Pita et al., 2018).



potenOal for complete nitrogen cycling. PotenOal nitrogen fixaOon bacteria have been indeed detected in all 

coral life stages across Ome and space (Rädecker et al., 2015; Benavides et al., 2017), together with many 

nitrifying, denitrifying and ammonifying microorganisms, potenOally able remove ammonia waste products 

and control nitrogen availability, which is crucial to maintain a stable interacOon between the coral and the 

Symbiodiniaceae algae (Siboni et al., 2008; Morris et al., 2019; Robbins et al., 2019). Corals microbial 

communiOes play a key role in the sulfur cycling as well. Reef-building corals are the largest producers of 

dimethylsulfoniopropionate (DMSP), a central molecule in the marine sulphur cycle, proposed to be 

involved in several protecOve physiological funcOons (Raina et al., 2013), such as osmo- and cryo-protecOon 

and anOoxidant (Raina et al., 2010). Coral associated bacteria are able to use DMSP as a source for sulphur 

and carbon, indicaOng their involvement in coral reefs sulfur cycling (Vanwonterghem and Webster, 2020). 

Coral microbial symbionts are involved in the producOon of amino acids and secondary metabolites, i.e., 

vitamins, essenOal to the metabolic funcOoning of the host and algal symbionts. Finally, anOmicrobial 

compound produced by coral microbial community can also be involved in pathogen control (Ma`hews et 

al., 2020) and regulaOon of the microbial colonizaOon of the coral surface itself (Peixoto et al., 2017). 

Other model organisms o^en taken into account by this field of research are bivalve mollusks and fish for 

their relevance in food producOon and, for mollusks, because their powerful filtering feeding acOvity makes 

them able to bioaccumulate and biomagnify of all kinds of environmental substances and molecules. Recent 

studies highlight the existence of Ossue-specific microbiota in bivalve mollusks exerOng key funcOons for the 

host physiology (Lokmer et al., 2016; Meisterhans et al., 2016; Pathirana et al, 2019). For example, Musella 

and co-workers (2020) described a specific pa`ern of microbial families characterizing the digesOve gland, 

foot, gills, stomach, and hemolymph of the Mediterranean mussel My,lus galloprovincialis, suggesOng that 

the main determinant of the mussel microbiota variaOon is the niche-specificity rather than the individual 

differences. In parOcular, the digesOve gland microbiota is found to be enriched in commensal 

microorganisms capable of fermenOng complex polysaccharides from dietary fibers, such as such as 

cellulose and hemicellulose commonly found in bivalve food, to short-chain fa`y acids (SCFAs). The stomach 

and foot microbiota are instead dominated by anaerobic microorganisms with animal tropism,  whereas 

gills and hemolymph microbiota is characterized by aerobes of marine origin, being these Ossues a primary 

biological barrier between the animal and the external environment, in direct contact with the surrounding 

seawater. 

Fish-associated microbiomes have also gained increasing a`enOon (Sehnal et al., 2021), especially 

considering the growing importance of fish farming for human consumpOon and the possible implicaOons 

for human health (Grigorakis and Rigos, 2011; Rosa et al., 2012). For example, gills are the interface 

between fish and the surrounding environment for gas exchange, thus they are an important first line of 

defense against pathogenic infecOons that may come from the external habitat (Iijima et al., 2003). For this 

reason, gills associated microbiomes can reflect diseases and inflammatory states (Legrand et al., 2018), 

providing valuable knowledge of overall animal health. Fish skin surface also provides a barrier between the 

host and the surrounding environment, thus microbial communiOes associated with the epithelium exert an 

important role in fish immune system (Gomez et al., 2013), once again acOng as a possible indicator for fish 

health status. Finally, fish carry complex intesOnal microbiomes, strongly influenced by species-specificity, 

diet and living environment, that are involved in nutrient absorpOon, immune system, intesOnal 
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development, homeostasis and xenobioOc metabolism (Sehnal et al., 2021), thus contribuOng to overall fish 

health. 

Marine ecology research has also focused on the study of marine animals associated microbiome through 

non invasive sampling as a new key aspect to set health biomarkers. Many marine animals can be 

considered as “flagship species”, defined as focal species, for ecological or social reasons, believed to be 

valuable for the understanding, management and conservaOon of natural environments (Zacharias and Roff, 

2001). Also called senOnel animals, flagship species act as bioindicators to the ocean environment health, 

due to their rapid response to environmental condiOons and disturbances (Apprill, 2017). An unfortunately 

famous example of flagship species is the loggerhead sea turtle (Care@a care@a), widespread across the 

whole Mediterranean Sea, as useful indicator of the general plasOc polluOon level of marine ecosystems 

(Biagi et al., 2021). 

In conclusion, it is clear that microbiomes are Oghtly linked to the funcOoning and health of their host and, 

consequently, of the enOre ecosystem. ModificaOons of these interacOons caused by disturbances in the 

marine ecosystems can hence strongly impact holobionts and habitat homeostasis. The importance of the 

study of microbial core composiOon and funcOoning under healthy condiOons is therefore essenOal to 

establish biomarkers, bioindicators, for host and environmental health (Sehnal et al., 2021) in a 

biomonitoring perspecOve, defined as the act of observing and assessing the state and ongoing changes in 

ecosystems, components of biodiversity, populaOons and species (Bondaruk et al., 2015). 

1.5 Microbiome disturbances: long and short term responses to anthropogenic impacts 

The fast and restless increase of World’s human populaOon is rising crescent concerns about the threads 

that human acOvity can pose to seas and oceans ecosystems (Fleming et al., 2019). Ocean polluOon, costal 

zone destrucOon, overexploitaOon of marine resources, such as overfishing or seabeds exploitaOon, and the 

phenomena connected to climate change are all consequences of anthropogenically driven acOviOes that 

are negaOvely impacOng costal waters, the seas and global ocean (Fleming et al., 2019; Borja et al., 2020; 

Landrigan et al., 2020). 

Ocean polluOon is a complex and widespread mix of many different components (Figure 3) of both very old 

and new pollutants, in terms of release Ome and material (Landrigan et al., 2020). These include petroleum-

based pollutants and plasOc waste (PlasOcsEurope, 2016), toxic metals, such as mercury polluOon from coal 

combusOon and gold-mining (Outridge et al., 2018), and chemical waste such as pharmaceuOcals, pesOcides 

and ferOlizers from chemically intensive agriculture pracOce (Landrigan et al., 2020). About 80% of all the 

ocean polluOon comes from land-based sources, e.g., via rivers or atmospheric deposiOon, whereas the 

remaining 20% is marine-based (Agardy et al., 2005; UNESCO. Facts and Figures on Marine PolluOon ). The 5

anthropogenic impact on the global ocean is also connected to climate change. Climate change has led to a 

constant increase of oceans temperature, causing glacials melOng and sea level rising, with an almost 

doubled frequency of marine heat waves (Chen et al., 2021). Further consequences of climate change are 

the increased frequency and intensity of extreme weather events (Fasullo et al., 2018), such as storms and 

flooding, pathogenic algal and bacterial blooms and increased ocean acidificaOon (Gruber et al., 2019). 

 h`p://www.unesco.org/new/en/natural-sciences/ioc-oceans/focus-areas/rio-20-ocean/blueprint-for-the-future-we-want/marine-5

polluOon/facts-and-figures-on-marine-polluOon/. Accessed 22 Nov 2021.
 of 13 126



Oceans have been always subjected to 

anthropogenic acOviOes, with both 

direct (e.g., waste disposal) and indirect 

(e.g., climate change) impacts on marine 

environments, in the wrong belief that 

the global ocean would be able to 

a b s o r b a n d m i O g a t e a l l t h e 

contaminaOon (Borja et al., 2020). The 

deterioraOon of marine environments 

can be brought back to two main 

dynamics. The impact of anthropogenic 

acOviOes directly on marine organisms 

leads to low rate, slow acclimaOzaOon 

processes of the host physiology. 

Contrariwise, this deterioraOon can also 

indirectly act on marine holobionts 

through their associated microbiome. 

Due to the microbial fast populaOon growth rate (Logue et al., 2015), this process leads to a faster 

acclimaOzaOon to rapid changes, with possible interesOng biotechnological applicaOons for marine 

restoraOon. Different types of disturbances can lead to different outcomes depending on the type or 

strength of the disturbance itself and on the holobiont properOes (Pita et al., 2018). Homeostasis might be 

able to maintain a healthy state through the mechanisms of resistance and resilience that are, respecOvely, 

the ability to withstand perturbaOon unchanged and the capacity to recover upon disturbance. 

AlternaOvely, perturbaOons may disrupt this balance, leading to dysbioOc condiOons. Finally, disturbances 

may act as a driver of selecOon for acclimaOzaOon, thus the holobiont reaches a new healthy state that 

allows it to be`er cope with environmental 

change (Figure 4). If these new features enhance 

holobiont fitness and can be transmi`ed to new 

generaOons, they may yield holobiont 

adaptaOon sensu lato (Webster and Reusch, 

2017). In this contest, a major quesOon in ocean 

global change biology is to determine whether 

short-term plasOc responses might be linked to 

longer-term evoluOonary responses or how they 

can co-occur to contribute to biological shi^s 

(Collins et al., 2020). 
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Figure 3 - The complex mixture represenOng ocean polluOon 
(Landrigan et al., 2020).
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Fig. 3
From: The sponge holobiont in a changing ocean: from microbes to ecosystems

Conceptual representation of holobiont health and the potential outcomes upon environmental stress. Health is regarded as a dynamic equilibrium balanced
by the host, the microbiome, as well as the interaction between them. Understanding the underlying principles of health and holobiont dynamics would help
predict the responses upon perturbation and whether the final outcome will allow stability, yield disease, or turn into an opportunity for adaptation
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representaOon of holobiont health and potenOal outcomes 
upon environmental disturbances (Pita et al., 2018).
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CHAPTER 2 - THE STUDY OF MICROBIOMES ASSOCIATED WITH MARINE HOLOBIONTS IN THE 

PRESENTED THESIS 

2.1 Holobionts models and study plan in the proposed research 

There is a general lack of knowledge in the understanding of how host-associated microbes drive both the 

iniOal response as well as long-term, evoluOonary adaptaOon to different anthropogenic stressors. First, 

microbial variability that might be able to confer adverse or beneficial outcomes for the host can be due to 

natural variability or selecOve pressure. Although this variability could be described by populaOon geneOcs, 

basic ecological informaOon is lacking for all but a few species (Taylor and Roterman, 2017). Also, temporal 

scales suitable for most research are usually not sufficient for understanding processes of acclimaOzaOon 

and adaptaOon that may occur over longer periods of Ome (Bénard et al., 2020). Furthermore, holobiont 

responses to stressors might be partly shaped by pre-exisOng environmental condiOons or by previous 

generaOons, although that informaOon is rarely considered or available (Leray et al., 2021). Finally, the 

understanding of how microbiomes genomic variaOons might contribute to host acclimaOzaOon and 

adaptaOon is limited due to a general lack of informaOon coupling host and microbial genomes and 

variaOons at the individual level (Geier et al., 2020). 

In order to deepen our knowledge on the influence of anthropogenic stressors on host-microbiome short-

term responses and long-term evoluOonary processes, here we propose different study models. All models 

take into account ecologically important, widely distributed, and habitat-forming organisms. Amongst them, 

the study of Cnidaria has gained increasing importance due to the growing awareness of their vulnerability 

to anthropogenic stressors, with cascade effects at the ecosystem level (Gerhardt, 2002; Rocha et al., 2014). 

This awareness highlighted the possible importance of Cnidaria microbiomes as a determinant of their 

adapOve response to climate-related and anthropogenic-induced stressors already impacOng the ocean 

environment (Apprill, 2017), making the study of Cnidarians microbiomes, and its variaOons, a crucial point 

at the conjuncOon between animal and environmental health. In this context, we first aim at providing basic 

knowledge on the microbial community structure of the jewel anemone Corynac,s viridis, a non-coral 

Cnidaria belonging to the order Corallimorpharia, and on its possible role in host physiology and health, as a 

model organism. In order to invesOgate possible short-term plasOc responses in marine holobionts as a 

driver of selecOon for acclimaOzaOon, we exploit another model organism belonging to Cnidaria, namely 

the common sea anemone Anemonia viridis. This is a marine holobiont widely distributed across the world’s 

oceans and has been recognized as a key member of marine ecosystems, playing several crucial roles in 

marine food webs and habitat structuring (Boero et al., 2005; Bosch, 2013; Coker et al., 2014). As second 

model to assess the impact of anthropogenic acOviOes and, in parOcular, of fish farming cages on the 

microbiome of the surrounding wild holobionts, we select a common grazer gastropod from the genus 

Patella as a representaOve fouling holobiont. Patella caerulea is a common seaweed grazing marine limpet 

in all Mediterranean rocky shores (Della SanOna and Chelazzi, 1991). As a result of their wide distribuOon, 

abundance, and sedentary lifestyle, limpets of this species have been proposed as biomonitors for the local 

water quality in terms of heavy metal accumulaOon and organic pollutants (Reguera et al., 2018; Viñas et 

al., 2018). In addiOon, limpets are considered keystone species for the coastal ecosystem because they can 

regulate the degree of algal coverage and, consequently, succession processes in rocky interOdal 
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communiOes (Coleman et al., 2006). Finally, we focus on possible long-term evoluOonary responses to 

future oceanic scenarios by exploring coral microbiome variaOons in a coral populaOon naturally living along 

a pH gradient generated by an underwater volcanic crater. We target the solitary, widespread, 

Mediterranean coral Balanophyllia europaea (Goffredo et al., 2007) as a study model because temperate 

species, compared to tropical and subtropical corals, might represent a winning model for more 

pronounced acclimaOzaOon capability, being exposed to a twice as high range of seasonal temperature 

fluctuaOons and intrinsically more capable to accommodate environmental variaOons (Maor-Landaw et al., 

2017). 

2.2 Technical aspects: sampling and molecular analysis 

In order to avoid redundancy in the next paragraphs, common techniques which were repeatedly used 

throughout different studies are illustrated in this secOon. In the “Materials and methods” secOon of each 

study, only a brief recall of the appropriate protocol is menOoned, with the indicaOon to look in this secOon 

for further details. Only techniques that are parOcular of a specific study are not illustrated here, but in the 

correspondent study. 

Sample collecEon and DNA extracEon 

Specimen collecOon is very different depending on the sample origin and type. Sterility is preserved at the 

best of the sampling condiOons by using sterile containers or previously sterilized tools. A^er specimen 

collecOon, all samples are transported to the laboratory as fast as possible where they are kept at -80 °C 

unOl further processing, unless some preliminary step is required before freezing. 

Total microbial DNA extracOon protocols are also dependent on the sample origin and type. Despite these 

differences, all the DNA extracOon methods described in this thesis rely on Qiagen (Hilden, Germany) spin 

column-based nucleic acid purificaOon kits. Extracted DNA samples are quanOfied with NanoDrop ND-1000 

(NanoDrop Technologies, Wilmington, DE) and stored at -20 °C unOl further processing. 

16S rRNA gene amplificaEon and sequencing 

Targeted gene sequencing is performed on the V3-V4 hypervariable region of the 16S rRNA gene. PCR 

amplificaOon of this region is carried out in a 50-μL final volume containing 25 ng of microbial DNA, 2X KAPA 

HiFi HotStart ReadyMix (Roche, Basel, Switzerland), and 200 nmol/L of 341F and 785R primers carrying 

Illumina overhang adapter sequences. The thermal cycle consists of 3 min at 95°C, 30 cycles of 30 s at 95°C, 

30 s at 55°C, and 30 s at 72°C, and a final 5-min step at 72°C (Biagi et al., 2020; Musella et al., 2020). PCR 

products are purified with Agencourt AMPure XP magneOc beads (Beckman Coulter, Brea, CA). Indexed 

libraries are prepared by limited-cycle PCR with Nextera technology and cleaned-up as above. Libraries are 

normalized to 4 nM and pooled. The sample pool is denatured with 0.2 N NaOH and diluted to a final 

concentraOon of 6 pM with a 20% PhiX control. Sequencing is performed on an Illumina MiSeq plakorm 

using a 2 × 250 bp paired-end protocol, according to the manufacturer's instrucOons (Illumina, San Diego, 

CA). 
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BioinformaEcs and biostaEsEcs 

A pipeline combining PANDAseq (Masella et al., 2012) and QIIME 2 (Bolyen et al., 2019) is used to process 

raw sequences. The “fastq filter” funcOon of the Usearch11 algorithm (Edgar, 2010) is applied to retain high-

quality reads (min/max length = 350/550 bp), that are then binned into amplicon sequence variants (ASVs) 

using DADA2 (Callahan et al., 2016). Taxonomy assignment was performed using the VSEARCH algorithm 

(Rognes et al., 2016) and the SILVA database (December 2017 release) (Quast et al., 2012). All the 

sequences assigned to eukaryotes (i.e., chloroplasts and mitochondria) or unassigned are discarded. 

Different metrics, depending on the dataset, are used to evaluate alpha diversity, whereas beta diversity is 

esOmated by compuOng the unweighted UniFrac distance. 

All staOsOcal analyses are performed using the R so^ware  (R Core Team), version 3.6.1., with the packages 6

“Made4” (Culhane et al., 2005) and “vegan” . When unweighted UniFrac distances are plo`ed using the 7

vegan package, the data separaOon in the Principal Coordinates Analysis (PCoA) is tested using a 

permutaOon test with pseudo-F raOos (funcOon “adonis” in the vegan package). Significant data separaOon 

was assessed by Kruskal–Wallis test or Wilcoxon rank-sum test, based on the data. When necessary, p-

values were corrected for mulOple tesOng with Benjamini-Hochberg method, with a false discovery rate 

(FDR) ≤ 0.05 considered as staOsOcally significant. 
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2.3 Study I — Seasonal changes in microbial communiOes associated with the jewel anemone Corynac,s 

viridis 

IntroducEon 

The Cnidaria are a large, diverse, and ecologically important group of organisms that are widely distributed 

in marine environments, where they represent important habitat-forming organisms (Marzinelli et al., 

2018). The study of Cnidaria have gained increasing importance in recent years due to the growing 

awareness of their vulnerability to anthropogenic stressors, with obvious cascade impacts at the ecosystem 

level (Gerhardt, 2002; Rocha et al., 2014). As all marine animals, Cnidarians live as “holobionts,” as a result 

of a close interacOon with a complex microbial community (O’Brien et al., 2019), defined as microbiome 

(Berg et al., 2020). The “holobionts” microbiomes are inherent to the host physiology, being capable of 

providing the host with ecological funcOons crucial for its health (Pita et al., 2018). ParOcularly, several 

studies aimed at characterizing Cnidaria-associated microbes are now available, providing important 

informaOon on their role in nutriOon, defense, immunity and development (Li`man et al., 2009; Liu et al., 

2018; Pollock et al., 2018; Ziegler et al., 2019). This awareness also highlighted the possible importance of 

the Cnidaria microbiomes as a determinant of their adapOve or maladapOve response to stressors, including 

growing climate-related and anthropogenic-induced stressors already impacOng the ocean environment 

(Apprill, 2017). Indeed, it has been proposed that variaOons in Cnidaria microbiome can be employed as 

early bio-indicator of both environmental and anthropogenic stressors (Stabili et al., 2018), making the 

study of Cnidarians microbiomes, and its variaOons, a crucial point at the conjuncOon between animal and 

environmental health. However, the vast majority of the studies on Cnidaria microbiomes are focused on 

corals, with a lack of informaOon on all the other organisms belonging to this phylum. To the best of our 

knowledge, only a limited number of pioneering studies on non-coral Cnidaria have been performed (Di 

Camillo et al., 2012; Har et al., 2015; Murray et al., 2016; Brown et al., 2017) and no studies have been 

conducted to describe the microbes associated with Corallimorpharia, non-calcifying, close relaOves of 

scleracOnian corals (Lin et al., 2016). Although scleracOnian corals are the most important reef builders, 

Corallimorpharia can also be extensively found on reefs either as solitary individuals or as colonies that may 

carpet vast reef areas, where they can exert important roles as habitat forming halobionts, being at the 

base of complex trophic chains (Kuguru et al., 2004). It is thus important to fill this knowledge gap, 

providing basic knowledge on the structure of the Corallimorpharia microbiome and on its possible role in 

host physiology and health. In this scenario, we aim to invesOgate the community structure, and its 

seasonal variaOons, of the microbes associated with the jewel anemone Corynac,s viridis, an anthozoan 

Cnidaria belonging to the order Corallimorpharia. C. viridis is a brightly colored marine invertebrate similar 

in body form to a sea anemone. Its typical habitat encompasses the northeastern AtlanOc Ocean, including 

Scotland, Ireland, and the southern and western coasts of Great Britain, the southwestern coasts of 

conOnental Europe and the Mediterranean Sea. It is found on rocks, caves or beneath overhangs sheltered 

from the light forming dense aggregaOons, and its depth range goes from the lower shore down to about 80 

m (Hill and White, 2008). Specifically, in our work, we characterize the microbial communiOes associated 

with C. viridis from 30 individuals collected in three different seasons (winter 2018, spring and summer 

2019) by next-generaOon sequencing (NGS) of the V3-V4 region of the 16S rRNA gene. According to our 
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data C. viridis possesses a characterisOc associated microbiome whose inherent plasOcity is possibly 

funcOonal for the adaptaOon to seasonal changes. 

Materials and methods 

Sample collecOon and DNA extracOon 

Corynac,s viridis individuals were collected at the “Il Paguro” site by the diving associaOon “Dive Planet” 

(Rimini, Italy). “Il Paguro” is the wreck of a methane extracOon plakorm located around 12 nauOcal miles 

offshore Ravenna, Italy. The wreck extends from a depth of 10 m in its most superficial part to 35 m, and it 

hosts a great variety of marine wildlife. In order to regulate the scuba acOvity on the site and preserve its 

coral reef-like ecosystem, an Italian associaOon responsible for the site (“Associazione Paguro”) has been 

established and, starOng from July the 21st, 1995, the area was declared “Area of biological protecOon” by 

the Italian Ministry of Agricultural Resources. In February 2010, “Il Paguro” was declared “Site of 

community interest” by the Emilia-Romagna region (Rinaldi and Rambelli, 2004). “Associazione Paguro” 

kindly provided permission to sample C. viridis within the “Il Paguro” site for scienOfic purposes only and 

Italian Cost Guard was made aware of the sampling acOvity. We used satellite maps from NASA  to provide 8

some data on the main environmental variables of the sampling site, including temperature and chlorophyll 

a to evidence eutrophicaOon occurrence (IgnaOades, 2005). Ten anemone individuals were collected at 

three different Ome points in December 2018 (winter sampling), May 2019 (spring sampling) and July 2019 

(summer sampling), for a total of 30 individuals (Supplementary Figure S1). For each site, 2 L of seawater 

were also sampled at the same depth as the anemones, by using previously sterilized polypropylene bo`les. 

Anemones were collected using knives previously sterilized with alcohol, by placing 1–3 rocks hosOng 

different individuals in sterile disposable plasOc containers to avoid contaminaOon. The picking of 

anemones from the respecOve rocks was performed once returned to the laboratory (within a few hours of 

sampling at sea), under a verOcal laminar airflow cabinet using sterile tweezers and scalpels. Each individual 

was placed in a single 1.5-mL microtube and stored at −80°C unOl further processing. Seawater samples 

were filtered using vacuum filtraOon with MF-Millipore (Darmstadt, Germany) Membrane filters with 0.45-

μm pore size, 47-mm diameter and mixed cellulose esters membrane. Each 2 L sample of seawater was 

filtered on a single filter, which was rolled on itself using sterilized forceps and placed in a 2-mL microtube, 

then stored at −80°C unOl further processing. 

Total microbial DNA extracOon was performed for each whole individual anemone (weighing approximately 

0.15–0.20 g) using the DNeasy PowerBiofilm Kit (Qiagen, Hilden, Germany), whereas seawater microbial 

DNA extracOon was carried out using the DNeasy PowerWater Kit (Qiagen). DNA samples were quanOfied 

using NanoDrop ND-1000 (NanoDrop Technologies, Wilmington, DE, United States) and stored at -20°C unOl 

further processing. 

16S rRNA gene amplificaOon and sequencing 

AmplificaOon of the V3-V4 hypervariable region of the 16S rRNA gene, PCR purificaOon and sequencing 

library preparaOon were performed as described in paragraph 2.2. Sequencing was performed on Illumina 

 h`ps://giovanni.gsfc.nasa.gov/giovanni/. Accessed 10 Jan 2021.8
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MiSeq plakorm using a 2 × 250 bp paired end protocol, according to the manufacturer’s instrucOons 

(Illumina, San Diego, CA, United States). 

BioinformaOcs and staOsOcs 

Raw sequences were processed as described in paragraph 2.2. The resulOng ASV table was rarefied up to 

1733 reads per sample, corresponding to the lowest read number observed among the samples. Alpha 

diversity was evaluated using Faith’s PhylogeneOc Diversity (PD_whole_tree) (Faith, 1992), Chao1 index for 

microbial richness and number of observed ASVs. The unweighted UniFrac distance was used to build 

Principal Coordinates Analysis (PCoA) plots. 

StaOsOcal analysis was performed using R so^ware version 3.6.1 . PCoA, bacterial co-abundance groups 9

(CAGs), box-and-whisker plots and Venn diagrams were generated using “Stats ”, “Made4” (Culhane et al., 10

2005), “vegan ”, “boxplot” (Murrell, 2018) and “VennDiagram ” packages. Unweighted UniFrac distance 11 12

was used for PCoA, and the significance of separaOon was tested by permutaOon test with pseudo F-raOo 

(funcOon “Adonis” in “vegan”). Bacterial groups with the largest contribuOon to the ordinaOon space were 

found by using the funcOon envfit of the R package vegan on the family relaOve abundances. Significant 

data separaOon was assessed by Kruskal–Wallis test or Wilcoxon rank-sum test, based on the data. When 

necessary, p-values were corrected for mulOple tesOng with Benjamini-Hochberg method (see paragraph 

2.2). 

For graphical representaOon, anemone bacterial phyla whose relaOve abundance was less than 0.5% in at 

least 10% of the samples were filtered out under the name “other phyla.” The same was done for microbial 

families and genera with a relaOve abundance lower than 2% in at least 10% of the samples (“other 

families” and “other genera,” respecOvely). For the generaOon of CAGs, only bacterial genera present in at 

least 10% of the samples with relaOve abundance ≥ 0.5% were considered. Co-abundance was evaluated by 

the Kendall correlaOon test and displayed with hierarchical Ward-linkage clustering based on the Spearman 

correlaOon coefficient (Claesson et al., 2012). Wiggum plot networks were created using Cytoscape  13

so^ware (Smoot et al., 2011), where the circle size represents the bacterial abundance and the connecOons 

between nodes represent significant Kendall correlaOons between genera (FDR ≤ 0.05). For Venn diagrams, 

the ASVs present in at least one sample of each season group were taken into account. We processed all the 

4,623 ASVs obtained from DADA2 binning of high-quality reads through the R package VennDiagram, in 

order to produce a visual output of the ASVs sharing between seasons. The FASTA files of the ASV 

sequences shared between all seasons or couples of seasons were blasted against the 16S rRNA database 

through BLASTN algorithm (Altschul et al., 1990). 

Results 

C. viridis and seawater microbiota 

A total of 30 individuals of C. viridis were sampled in three different seasons in December 2018 (winter), 

May 2019 (spring) and July 2019 (summer) at the “Il Paguro” site in the North AdriaOc Sea. The monthly 
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satellite maps of temperature and surface chlorophyll a from NASA for each sampling period are provided in 

Supplementary Figure S2. Briefly, seawater temperature during the three sampling Omes variated between 

10–12°C in winter, 15–17°C in spring, and 26–28°C in summer. Chlorophyll a concentraOon was always > 2 

mg/m3 (ranging between 2.2 and 3.6), classifying the sampling region as eutrophic (IgnaOades, 2005; 

Ferreira et al., 2011). For each Ome point, 10 individuals and 2 L of seawater were collected at a depth of 20 

m. From each sample, the microbiome composiOonal structure was obtained by NGS sequencing of the V3–

V4 hypervariable region of the 16S rRNA gene, resulOng in 252,160 high-quality reads and an average of 

7,641.212 ± 5,177.348 (mean ± SD) reads per sample. High-quality reads were binned into 4,623 ASVs. 

At first, we compared the alpha diversity between C. viridis and seawater communiOes. Although not 

significant, our data show a trend toward an overall higher microbial richness in seawater than in anemone, 

as measured by Chao1 metrics and number of observed ASV (Wilcoxon rank-sum test controlled for 

mulOple tesOng using FDR, p-value > 0.05) (Supplementary Figure S3). 

We next explored the community composiOon in C. viridis and seawater at different phylogeneOc levels 

(Figure 5). At the phylum level, the C. viridis microbiota is characterized by five dominant phyla, 

Proteobacteria (mean relaOve abundance ± SD, 35.3 ± 14.4%), Firmicutes (15.3 ± 20.8%), Tenericutes (15.3 ± 

21.3%), Planctomycetes (10.3 ± 8.4%) and Bacteroidetes (10.0 ± 9.1%). Less abundant phyla are represented 

by AcOnobacteria (4.0 ± 4.3%), Cyanobacteria (2.7 ± 4.4%), Verrucomicrobia (1.9 ± 1.6%) and Chloroflexi 

(1.7 ± 2.2%). The most represented families are Spiroplasmataceae (15.2 ± 21.3%), Planctomycetaceae (9.8 

± 8.1%) and Rhodobacteraceae (7.1 ± 5.5%). Subdominant families are Flavobacteriaceae (4.5 ± 3.0%), 

Clostridiales family XII (2.9 ± 5.0%), Vibrionaceae (2.9 ± 3.8%) and Clostridiaceae (2.5 ± 4.0%). At the genus 

level, the dominant taxon is Spiroplasma (15.2 ± 21.3%), while less represented genera are Fusibacter (2.9 ± 

5.0%), Blastopirellula (2.5 ± 2.6%) and Pir4 lineage (2.5 ± 3.5%). On the other hand, seawater shows a 

disOnct microbial structure already at the phylum level, being dominated by Proteobacteria (57.1 ± 0.75), 

Bacteroidetes (19.6 ± 2.3%), Cyanobacteria (7.6 ± 2.7%) and Verrucomicrobia (6.2 ± 2.8%), with 

Planctomycetes (2.6 ± 2.2%), AcOnobacteria (2.5 ± 2.5%) and Firmicutes (1.6 ± 2.8%) as subdominant taxa. 

The most represented families are Flavobacteriaceae (10.9 ± 3.3%), family I of Cyanobacteria subsecOon I 

(7.6 ± 2.8%) and Rhodobacteraceae (6.9 ± 2.9%), while Halieaceae (3.5 ± 3.8%), Verrucomicrobiaceae (3.0 ± 

2.0%) and Rhodospirillaceae (3.0 ± 1.2%) are subdominant. Synechococcus (5.3 ± 5.3%) is the most 

abundant classified genus, while Tenacibaculum (2.5 ± 2.2%) the subdominant one. 

In order to highlight the overall composiOonal differences between C. viridis and seawater microbial 

communiOes, a PCoA of the unweighted UniFrac distances was carried out. As expected, the C. viridis 

microbiome significantly segregates from that of seawater and such a segregaOon was found to be robust to 

seasonality (permutaOon test with pseudo-F raOo, p-value ≤ 0.01) (Supplementary Figure S4). To idenOfy the 

bacterial families most contribuOng to the separaOon, their relaOve abundance was superimposed on the 

PCoA plots. According to our findings, the families Planctomycetaceae, Spiroplasmataceae, and Clostridiales 

family XII are the most characterisOc of the C. viridis microbiome, but with a seasonality-specific pa`ern. 

Conversely, Flavobacteriaceae and family I of subsecOon I in the phylum Cyanobacteria are the most 

disOnguishing of the seawater samples. 
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Seasonal trends in the C. viridis microbiome 

We tested whether the C. viridis-associated microbial communiOes varied by season. To do this, we first 

assessed the existence of significant differences among seasons for alpha diversity. All metrics consistently 

indicated greater microbial diversity in winter and summer, compared to spring (Kruskal–Wallis test 

controlled for mulOple tesOng using FDR, p-value ≤ 0.05) (Figure 6A). We next explored seasonal pa`erns in 

the community structure by analyzing beta diversity. InteresOngly, the unweighted UniFrac-based PCoA 

revealed a sharp segregaOon of the microbiome structures through seasonality (permutaOon test with 

pseudo F-raOo, p-value ≤ 0.001) (Figure 6B). Conversely, seawater showed only a limited variaOon across the 

different seasons. When comparing the relaOve abundance of C. viridis microbial families among seasons 

(Figure 7), we found that during the winter, Caldilineaceae, Nitrospiraceae, and Planctomycetaceae were 

significantly more abundant, whereas the Vibrionaceae family was largely underrepresented. On the other 

hand, the spring samples were characterized by a higher proporOon of the families Rhodobacteraceae, 

Rhodospirillaceae, Campylobacteraceae, Oceanospirillaceae, and Spiroplasmataceae. Finally, the relaOve 

abundance of Marinilabiaceae, family I of Cyanobacteria subsecOon III, Clostridiaceae 1, family XII of 

Clostridiales, Lachnospiraceae, Peptostreptococcaceae, Desulfobulbaceae, and Desulfovibrionaceae was 

significantly higher during the summer.
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Figure 5 - Microbiota composiOon of C. viridis and seawater. Pie charts summarizing the phylum (A), family (B) and 
genus-level (C) microbiota composiOon of C. viridis and seawater. Only phyla with relaOve abundance > 0.5% in at 
least 10% of samples, and families and genera with relaOve abundance > 2% in at least 10% of samples are 
represented.
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Figure 6 - Alpha and beta diversity of the C. viridis microbiota. (A) Box-and-whisker distribuOon of the Faith’s 
PhylogeneOc Diversity (PD_whole_tree), Chao1 index for microbial richness and number of observed ASVs, 
calculated for winter (dark blue), spring (dark green) and summer (orange) anemone samples. According to all 
metrics, greater microbial diversity was observed in winter and summer than in spring (Kruskal–Wallis test 
controlled for mulOple tesOng using FDR, p-value ≤ 0.05). (B) Principal Coordinates Analysis (PCoA) based on 
unweighted UniFrac distances showing the variaOon of the anemone microbiota across seasons (same color code as 
in A) and seawater samples (light blue) (permutaOon test with pseudo F-raOo, p-value ≤ 0.001). The first and second 
principal components (PCo1 and PCo2) are plo`ed and the percentage of variance in the dataset explained by each 
axis is reported. Ellipses include 95% confidence area based on the standard error of the weighted average of 
sample coordinates.
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Figure 7 - C. viridis-associated bacterial families differently represented across seasons. Box-and-whisker plots 
showing the relaOve abundance distribuOon of bacterial families in the different seasons (winter, dark blue; spring, 
dark green; and summer, orange). The central box represents the distance between the 25th and 75th percenOles. 
The median is marked with a black line. Whiskers idenOfy the 10th and 90th percenOles. ∗p-value ≤ 0.05; ∗∗p-value 
≤ 0.01; Kruskal–Wallis test controlled for mulOple tesOng using FDR.



To gain further insights into the C. viridis-associated microbiome, we explored its topological variaOon by 

clustering the bacterial genera into CAGs. Three CAGs were idenOfied, and the prevalence and connecOons 

between the represented genera were obtained by a Wiggum plot network analysis (Supplementary Figure 

S5). InteresOngly, we observed a peculiar declinaOon of the C. viridis CAGs based on seasonality. CAGs were 

named according to the genus showing the higher overabundance in a seasonal-dependent pa`ern: 

“Mycobacterium CAG,” “Colwellia CAG,” and “Desulfovibrio CAG” (Figure 8). Winter communiOes were 

characterized by the “Mycobacterium CAG”, which also included Nitrospira, Planctomyces, Blastopirellula, 

Pir4 lineage, OM60 (NOR5) clade and Lysinibacillus. Conversely, the “Colwellia CAG,” including 

Pseudoalteromonas, Aquibacter, Tenacibaculum, Spiroplasma, Vibrio, Sulfitobacter, Pseudofulvibacter, and 

Arcobacter, dominated the spring microbiomes. Finally, the summer communiOes were characterized by the 

“Desulfovibrio CAG,” including Peptoclostridium, Marinifilum, Cetobacterium, Maribacter, Rhodopirellula, 

Fusibacter, Streptomyces, and Truepera. 

C. viridis core microbiome 

Finally, we invesOgated whether C. viridis possesses a core microbiome, which is stably associated with the 

host and thus does not change with the seasons. As shown in Figure 9, only four ASVs were shared among 

all three seasons, whereas nine ASVs were shared between winter and spring samples, 18 ASVs between 

winter and summer samples, and seven ASVs between spring and summer samples, for a total of 38 shared 

ASVs in the three sampling seasons. According to a BLAST analysis, the four ASVs shared among the three 

seasons were all assigned to the bacterial family Spiroplasmataceae (Table 1). More detailed informaOon on 

BLAST alignment for each ASV is provided in Supplementary Table S1. 
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Figure 8 - DeclinaOon of C. viridis co-abundance groups according to seasonality. Co-abundance groups (CAGs) are 
named according to the dominant genus in each group: Mycobacterium, Colwellia, and Desulfovibrio. Each node 
represents a bacterial genus and its size is proporOonal to its overabundance on the average value within the 
populaOon. The connecOons between nodes represent posiOve (solid lines) and negaOve (dashed lines) Kendall 
correlaOons between genera (FDR ≤ 0.05).



Discussion 

Given the fundamental role that microorganisms play in the funcOoning of eukaryoOc hosts, invesOgaOng 

the diversity, community composiOon and seasonal changes of the host-associated microbial communiOes 

is crucial to understand the physiological significance of the associaOon, also in light of anthropogenic 

threats. We show here that the microbial communiOes associated with C. viridis are unique and significantly 

different from those found in the surrounding seawater. In parOcular, C. viridis microbiome includes 

microorganisms belonging to nine main phyla, of which Proteobacteria, Firmicutes, Tenericutes, 

Planctomycetes, and Bacteroidetes are the dominant (relaOve abundance – r.a. – between 10 and 35%) and 

AcOnobacteria, Cyanobacteria, Verrucomicrobia, and Chloroflexi are the subdominant (r.a. from 1.7 to 4%). 

StaOsOcal analysis indicated that Spiroplasmataceae, Planctomycetaceae, and Clostridiales family XII are the 

families that most differenOate the C. viridis and seawater communiOes, allowing us to hypothesize, at least 

for these taxa, a non-neutral selecOon process from the surrounding environment. SupporOng our findings, 

the communiOes associated with another sea anemone (i.e., Nematostella vectensis) show an overall 

phylum-level composiOon that well resembles what we observed for C. viridis, including Proteobacteria, 

Bacteroidetes, Firmicutes, Tenericutes, and Planctomycetes among the dominant phyla (Har et al., 2015). 

However, at lower taxonomic levels (i.e., family and genus levels), the microbial composiOon of different 

anthozoan cnidarians drasOcally changes (Murray et al., 2016; Brown et al., 2017), demonstraOng a robust 

host-specific profile as already observed for other marine holobionts (Pita et al., 2018; Wilkins et al., 2019). 

ParOcularly, regarding Cnidaria, a robust specie-specific microbiome profile was demonstrated in three 
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Figure 9 - ASVs sharing among C. viridis bacterial 
communiOes across seasons. Venn diagram showing 
the number of ASVs shared between the C. viridis 
bacterial communiOes in different seasons. Four ASVs 
are shared among all the three seasons, nine ASVs 
between winter and spring samples, 18 between 
winter and summer samples and seven between 
spring and summer samples.

Table 1 - ASVs sharing among C. viridis-associated 
microbial communiOes in winter, spring, and summer.



highly abundant and widespread Indo-Pacific species (Acropora aculeus, Mycedium elephantotus, and 

Pachyseris speciosa), with very few bacterial phylotypes being shared between the three coral species 

(Hernandez-Agreda et al., 2018). 

While the bacterioplankton communiOes in seawater only show slight variaOons across different seasons, 

the C. viridis-associated microbiota considerably changes, as previously shown for the coral-associated 

microbiome (Chen et al., 2011; Sharp et al., 2017; Cai et al., 2018). According to our data, C. viridis is 

capable of rearranging its associated microbial community along the transiOon from winter to spring and 

summer. In parOcular, the winter communiOes appear enriched in oligotrophic anaerobic microorganisms, 

such as Planctomycetaceae, Caldilineaceae and Nitrospiraceae, which are commonly found in other marine 

holobionts (Lee et al., 2018). Bacteria belonging to these taxa have been implicated in the cycling of 

important elements such as nitrogen, sulfur and iron, and provide key ecological funcOons to the marine 

ecosystem (Clum et al., 2009; Zhang et al., 2017 and 2018). Though being characterized by a different 

pa`ern in the dominant bacterial families, the spring communiOes show a structure similar to that observed 

in winter, being dominated by taxa such as Rhodospirillaceae, Rhodobacteraceae, and Oceanospirillaceae, 

microorganisms that are known to be anaerobic oligotrophic components of the microbiome of marine 

holobionts and play important roles in carbon and sulfur cycling (Pujalte et al., 2014; Cortés-Lara et al., 

2015; Tinta et al., 2019). During the summer, C. viridis communiOes drasOcally increase their biodiversity 

and change their composiOon. Indeed, with the spring-summer transiOon, C. viridis-associated communiOes 

show dominance of heterotrophic anaerobic microorganisms, which generally populate the holobiont 

digesOve tract. In parOcular, the C. viridis microbiome in summer is characterized by higher relaOve 

abundance of Lachnospiraceae, Clostridiaceae and Desulfovibrionaceae, well-known primary and secondary 

fermenters that populate the gastrointesOnal tract of a wide range of terrestrial and marine holobionts, 

including mammalians (Rausch et al., 2019). During the summer, we also observed an increase in 

Vibrionaceae members that have been frequently detected as symbionts of marine holobionts and recently 

hypothesized to be involved in regulaOng host developmental processes (Tinta et al., 2019). Finally, 

although the Spiroplasmataceae family increases its relaOve abundance during spring, this taxon is the one 

that is most consistently present in all seasons. Being endosymbioOc commensals of several marine 

holobionts, such as the jellyfishes Aurelia aurita, Cotylorhiza tuberculata, and Pelagia noc,luca (Cortés-Lara 

et al., 2015; Weiland-Bräuer et al., 2015), members of this family might thus represent a stable component 

of the C. viridis communiOes and play an important physiological role for the host health and survival. 

Further experiments should demonstrate the role of these organisms in the holobiont funcOoning. 

Conclusion 

In conclusion, here we demonstrate that C. viridis possesses a characterisOc host-associated microbiome. 

These anemone-associated microbial communiOes show significant variaOons with the seasons, moving 

from an anaerobic community cycling essenOal nutrients in winter to a community dominated by anaerobic 

heterotrophs, more specialized in fermenOng proteins and complex polysaccharides, in summer. We 

hypothesize that seasonal change in community composiOon may reflect the corresponding seasonal 

changes in the host physiology. Indeed, in the phylum Cnidaria, the release of parOculate and dissolved 

organic ma`er (including carbon and nitrogen) in the form of mucus is significantly higher in summer 
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(Kurihara et al., 2018). During the summer, Cnidaria typically produce and release more mucus, which can 

be used as a food source by holobiont microorganisms, thus supporOng the transiOon to a more 

heterotrophic fermentaOve microbial community (Wright et al., 2019). SupporOng our hypothesis, 

analogous shi^s in the associated microbial community have been shown for Astrangia Poculata in the 

winter to summer transiOon, when the emergence from the host quiescence makes available to the 

associated microbiome host substrates supporOng the heterotrophic growth (Sharp et al., 2017). A similar 

adapOve microbiome response to seasonal changes has been observed also for Isopora palifera (Chen et al., 

2011). According to the authors, during the winter - when available nitrogen is limited - the corals enrich 

nitrogen fixing microorganisms in the associated communiOes. These microbes then decrease in the 

summer, when exogenous nitrogen sources become available. Although our findings led us to hypothesize 

an important role of the C. viridis microbiome for host biology, and vice versa, more evidences in this 

direcOon to prove it conclusively are sOll needed. For instance, the funcOonal relevance of the observed 

seasonal changes for host physiology and health must be dissected. The study of the C. viridis microbes 

relaOonship will certainly benefit from further extension to other geographical sites and from matching the 

pa`erns of phylogeneOc changes with the corresponding funcOonal variaOons in the holobiont. 
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2.4 Study II — Seasonal changes in microbial communiOes associated with the common anemone 

Anemonia viridis 

IntroducEon  

Cnidarians belong to an ancient phylum of metazoans widely distributed across the world’s oceans. These 

organisms have been recognized as key members of marine ecosystems, playing several crucial roles in 

marine food webs and habitat structuring (Boero et al., 2005; Bosch, 2013; Coker et al., 2014). For these 

reasons, much a`enOon is being paid to study the ecology and evoluOon of cnidarians, also considering 

their proved suscepObility to the ongoing climate change-related stressors (Weis, 2008; Hartman et al., 

2020). Among such anthropogenic stressors, for instance, the persistent CO2 emissions and the increasing 

environmental polluOon, which may also lead to eutrophicaOon of the sea, can damage living organisms, 

including cnidarians (Graham, 2001; Puce et al., 2009; ados Santos et al., 2015; Biagi et al., 2020). All living 

macroorganisms on the planet harbor complex microbial communiOes which comprise a wide range of 

viruses, bacteria, archaea, fungi and proOsts (Skillings, 2016; Pita et al., 2018; Palladino et al., 2021a) and 

cnidarians are no excepOon (Rohwer et al., 2002; van Oppen and Blackall, 2019; Maire et al., 2021). In 

cnidarians, several studies, performed mainly on corals, have confirmed that microbiome key funcOons are 

needed to support every aspect of the host life, like nutriOon, growth and defense against pathogens (van 

Oppen and Blackall, 2019; Palladino et al., 2021b). Furthermore, it has been posited that microbiomes are 

capable of rapidly modifying their structure and funcOons (e.g., taxa relaOve abundance) to deal with 

subopOmal environmental condiOons, providing the host with certain plasOcity in a species-specific manner 

(Torda et al., 2017; Ziegler et al., 2017 and 2019; Biagi et al., 2020). For instance, previous studies 

hypothesized a connecOon between microbiome plasOcity and the holobiont response to habitat polluOon, 

global warming and ocean acidificaOon (ados Santos et al., 2015; Gro`oli et al., 2018). This could result in 

the swi^ acclimaOzaOon of the holobiont and may occur through the loss/gain of microbial species and also 

through horizontal gene transfer (Bang et al., 2018). 

In this context, our study aims at elucidaOng how stable microbial communiOes of the species Anemonia 

viridis can be throughout different seasons and in different anatomic compartments, considering that 

cnidarians have been proved to shelter disOnct 

microbiomes according to life stage and/or 

anatomic compartment (Sweet et al., 2011; Lee et 

al., 2018; van Oppen and Blackall, 2019; Biagi et 

al., 2020). Anemonia viridis (Cnidaria, Anthozoa) is 

a symbioOc sea anemone widely distributed in 

Europe, from the Mediterranean basin to the 

Azores and the North Sea, where it thrives on the 

shallow seafloor, being part of the benthic 

community (Porro et al. 2020). A. viridis (Figure 

10) is a predator which can reproduce both 

sexually, by emi�ng sperm and eggs directly into 

the water column (external ferOlizaOon and 
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Figure 10 - Anemonia viridis as a member of benthic 

temperate habitats (h`ps://commons.wikimedia.org/

wiki/File:Anemone_de_mer_P1010222.JPG?uselang=it). 



gonochorism), and asexually, by fission of the gastrovascular cavity, or coelenteron. Like all metazoans, this 

species hosts a complex microbial community made up of several microorganisms, thus it can be considered 

a holobiont. Specifically, sea anemones, just like a lot of corals and other marine invertebrates, live in close 

associaOon with eukaryoOc endosymbionts (mainly dinoflagellates of the family Symbiodiniaceae, which are 

absent in some species) and prokaryoOc cells, which comprise bacteria and archaea. As previously 

menOoned, all of these symbionts play a crucial role in the host physiology, health, development and stress 

response (McDevi`-Irwin et al., 2017; Ziegler et al., 2019; Porro et al., 2020 and 2021). Although 

anthozoans in the order ScleracOnia are regarded as the most important reef builders in several marine 

ecosystems (Ries et al., 2006; Palladino et al., 2021b), also sea anemones (order Ac,niaria) play their part, 

by providing food and shelter to many aquaOc animals, thus they should be considered remarkable habitat-

forming species (Steinberg et al., 2020). For instance, tropical and subtropical fish of the genus Amphiprion 

(also known as clownfish or anemonefish), as well as several crustaceans, like crabs and shrimps, live 

amongst the toxic tentacles of different species of sea anemones, where they can find nutrients and 

protecOon (Valdivia and Stotz, 2006; Pra`e et al., 2018; Huebner et al., 2019; Marcione� et al., 2019; Roux 

et al., 2019). Similar symbioOc relaOonships, involving, for example, crabs, have been also observed in A. 

viridis (Vader and Tandberg, 2020). 

In order to elucidate variaOons in the microbial community of A. viridis , it is important to shed light on the 

sOll overlooked biological features of this species, such as microbiome composiOonal structure and how it 

responds to seasonality, also given its potenOal to act as an early proxy of both environmental status and 

animal health (Stabili et al., 2018). Seasonality has indeed proved to be an important driver shaping the 

composiOonal structure of anthozoans microbiome from subtropical and temperate ecosystems (Sharp et 

al., 2017; Cai et al., 2018; Palladino et al., 2021b). This is in line with the strong seasonal variaOons that 

characterize the northwestern AdriaOc Sea, which may alter several environmental parameters, including 

river inputs and oceanographic condiOons (Alvisi and Cozzi, 2016). Specifically, the large runoff of this area 

is manly influenced by the persistent Po river freshwater and nutrient supplies (mainly N and P), which 

show a peak in late autumn and spring, thanks to high precipitaOon rates and snow melOng from the 

mountains, respecOvely, with occasional peaks of discharge also during rainy winters (Cozzi and Giani, 

2011). Besides, other than pluvio-nival condiOons, also evaporaOon, exchanges with the aquifers and 

human acOviOes linked to agriculture and industry, for instance, strongly affect the flow dynamics of 

northwestern AdriaOc Sea rivers throughout the year (Cozzi and Giani, 2011). 

In this work, the microbial communiOes of 20 individuals of A. viridis retrieved in three different seasons 

(winter, spring and summer 2019) were analyzed by means of NGS techniques (sequencing of the V3-V4 

region of the 16S rRNA gene), taking into account also three different anatomic compartments (i.e., 

coelenteron secOons, coelenteron content collected with a swab and tentacles). The samples belong to 

animals collected in the northwestern AdriaOc Sea, a semi-enclosed basin characterized by warm shallow 

waters, low salinity, high producOvity (mainly influenced by the Po river inputs) and a high level of 

anthropogenic polluOon (Moodley et al., 1998; Franzelli� et al., 2004; Biagi et al., 2019 and 2021). Our data 

shows that, in this area, the microbiome of A. viridis is influenced by changing seasons, with a li`le degree 

of Ossue-specificity as well. 
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Results 

A total of 20 A. viridis specimens were collected along the northwestern AdriaOc coast (Riccione, Italy) in 

three disOnct seasons: winter (February and March 2019, 10 individuals), spring (May 2019, 6 individuals) 

and summer (July 2019, 4 individuals). For each season, seawater samples (2 L each) were taken close to 

the animals and at the same depth (2 samples for winter, 2 samples for spring and 1 sample for summer). 

All animal samples came from a 100-meter-long submerged barrier of reinforced concrete placed about 200 

meters offshore. This framework, referred to as WMesh , was originally designed to prevent coastal 14

erosion, but, thanks to its complex geometry, has provided a hard substrate that ended up hosOng a wide 

variety of marine fauna, including fish, crustaceans, mollusks and sessile cnidarians. All samples were 

collected by scuba divers of the associaOon “Blennius” (Riccione, Italy) in the first five meters of water 

depth. Both anemones and seawater samples were processed to unravel their microbiome composiOonal 

structure and how it may change across seasons (NGS Illumina sequencing of the V3–V4 hypervariable 

region of the 16S rRNA gene; refer to paragraph 2.2 for details). Furthermore, three different anatomic 

compartments of the anemones were analyzed individually, namely secOons of the coelenteron, i.e., the 

primary organ of digesOon and circulaOon, its content (collected with a swab) and the sOnging tentacles. 

As expected, the alpha diversity of the seawater is significantly higher than that of the anemones, 

suggesOng the presence of a more biodiverse microbial community in the water column compared to the 

holobiont Ossues (Figure 11A). As a ma`er of fact, three alpha diversity metrics confirmed this pa`ern: 

Faith’s PhylogeneOc Diversity (Wilcoxon rank-sum test controlled for mulOple tesOng using FDR, p-value < 

0.05), Chao1 (Wilcoxon rank-sum test controlled for mulOple tesOng using FDR, p-value < 0.01) and number 

of observed ASVs (Wilcoxon rank-sum test controlled for mulOple tesOng using FDR, p-value < 0.01). On the 

other hand, the assessment of A. viridis microbiome variaOons among seasons indicated that Faith’s 

PhylogeneOc Diversity is the only alpha diversity metric showing significant differences (Kruskal-Wallis test 

controlled for mulOple tesOng using FDR, p-value < 0.01) and that microbial diversity is greater in winter and 

summer compared to spring (Figure 11B). As for the three different anatomic compartments, from now on 

referred to as coelenteron, swab and tentacle, no significant alpha diversity differences were found (Kruskal-

Wallis test controlled for mulOple tesOng using FDR, p-value > 0.05 for all the three metrics; not shown).

At the phylum level, A. viridis microbiome is dominated by Proteobacteria (mean relaOve abundance ± SD in 

winter: 47.22 ± 21.90%, in spring: 80.98 ± 15.96% and in summer: 58.82 ± 18.23%) (Figure 12A). 

Bacteroidetes is the second most abundant phylum only in winter (mean relaOve abundance ± SD: 13.40 ± 

9.08%), while in spring and in summer this record goes to Firmicutes and Spirochaetae, respecOvely (mean 

relaOve abundance ± SD: 8.11 ± 8.33% and 9.43 ± 12.30%). As for subdominant phyla, members of 

Verrucomicrobia display the highest abundance values in summer (mean relaOve abundance ± SD: 7.19 ± 

10.73%). Cyanobacteria are virtually absent in winter and spring (mean relaOve abundance < 1%) but show 

a significant increase in summer (mean relaOve abundance ± SD: 4.15 ± 6.30%). The opposite pa`ern can be 

observed for AcOnobacteria, which are more common in winter (mean relaOve abundance ± SD: 3.49 ± 

3.40%). InteresOngly, unclassified phyla steeply decrease from winter to spring and summer (mean relaOve 

abundance ± SD in winter: 14.77 ± 21.31%, in spring: 1.23 ± 1.80% and in summer: 2.11 ± 2.56%). Bacteria 

 h`ps://www.wmesh.it/14
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phyla grouped as “Other” include phyla whose relaOve abundance was less than 1% in less that 20% of 

samples. 

The seawater microbial ecosystem close to the anemones, on the other hand, shows a different structure 

and the vast majority of phyla-belonging sequences were classified (Figure 12B). Although Proteobacteria is 

sOll the dominant group (mean relaOve abundance ± SD in winter: 58.76 ± 1.83%, in spring: 56.92 ± 0.35% 

and in summer: 46.81%), the phylum Bacteroidetes shows a general abundance increase in every season 

(mean relaOve abundance ± SD in winter: 30.93 ± 4.86%, in spring: 22.56 ± 2.61% and in summer: 21.12%). 

AcOnobacteria and Verrucomicrobia are subdominant taxa in every season. The former is more abundant in 

summer (relaOve abundance: 8.67%), whereas the la`er prevails in spring (mean relaOve abundance ± SD: 

9.21 ± 3.60%). Cyanobacteria relaOve abundance, again, is higher in summer (9.56%) than in the other two 

seasons (mean relaOve abundance ± SD in winter: 0.90 ± 1.13% and in spring: 4.38 ± 1.55%). It is 

noteworthy to highlight that Firmicutes and Spirochaetae, two important members of A. viridis microbiome, 

are almost absent in the surrounding seawater community (mean relaOve abundance < 1% in all seasons). 

Seasonality of A. viridis microbiome taxonomy has been invesOgated also at the family level (data not 

shown). In winter, Rhodobacteraceae and Flavobacteriaceae are the dominant families (mean relaOve 

abundance ± SD: 10.99 ± 9.32% and 9.69 ± 6.95%, respecOvely), followed by an unclassified family of the 

class Alphaproteobacteria, Spirochaetaceae and Vibrionaceae as subdominant groups (mean relaOve 

abundance ± SD: 6.93 ± 16.79%, 6.50 ± 10.18% and 5.46 ± 9.62%, respecOvely). In spring, Vibrionaceae 

become more represented (mean relaOve abundance ± SD: 17.51 ± 14.83%), as well as 
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Figure 11 - Alpha diversity of A. viridis microbiome compared to the surrounding seawater (A) and in different 

sampling seasons (B). A) Box-and-whisker distribuOon of the Faith’s PhylogeneOc Diversity (PD_whole_tree), Chao1 

index for microbial richness and number of observed ASVs of A. viridis (purple) and seawater (light blue). According 

to all metrics, seawater communiOes are more biodiverse than those of the anemones (Wilcoxon rank-sum test 

controlled for mulOple tesOng using FDR, p-value < 0.05). B) Box-and-whisker distribuOon of the Faith’s PhylogeneOc 

Diversity (PD_whole_tree), Chao1 index for microbial richness and number of observed ASVs, calculated for winter 

(light gray), spring (light green) and summer (orange) anemone samples. Faith’s PhylogeneOc Diversity is the only 

metric consistently indicaOng a sample differenOaOon (Kruskal-Wallis test controlled for mulOple tesOng using FDR, 

p-value < 0.01) and microbial diversity is greater in winter and summer rather that in spring. 
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Pseudoalteromonadaceae and Clostridiales, Family XII (mean relaOve abundance ± SD: 5.95 ± 8.88% and 

3.96 ± 5.29%, respecOvely). However, the most remarkable shi^ involves the family Campylobacteraceae, 

whose members are nearly absent in winter (mean relaOve abundance < 1%) and steeply peak in spring 

(mean relaOve abundance ± SD: 47.38 ± 24.78%). Campylobacteraceae remain abundant also in summer 

(mean relaOve abundance ± SD: 12.78 ± 10.65%), but the Vibrionaceae group is now the dominant family 

(mean relaOve abundance ± SD: 23.82 ± 17.51%). In summer, other well represented families are 

Spirochaetaceae (mean relaOve abundance ± SD: 9.43 ± 12.30%), an unclassified family of the order 

Verrucomicrobiales (mean relaOve abundance ± SD: 6.56 ± 9.99%) and Family I of the phylum Cyanobacteria 

(mean relaOve abundance ± SD: 4.15 ± 6.30%). Again, unclassified taxa, in this case families, prevail in 

winter and then decrease (mean relaOve abundance ± SD in winter: 33.26 ± 20.96%, in spring: 7.10 ± 7.23% 

and in summer: 16.00 ± 12.45%). The analysis focused on bacterial families whose relaOve abundance was > 

2% in at least 20% of samples. 

Seawater bacterial family composiOon shows a moderately different structure. In winter, Flavobacteriaceae 

and Rhodobacteraceae remain the dominant taxa (mean relaOve abundance ± SD: 24.00 ± 6.76% and 17.08 

± 4.30%, respecOvely) but amongst subdominant groups there are SAR86 clade, Cryomorphaceae and 

Comamonadaceae (mean relaOve abundance ± SD: 6.37 ± 4.79%, 4.88 ± 2.25% and 3.49 ± 0.28%, 

respecOvely). In spring, the major shi^s encompass a notable abundance increase of Halieaceae and 

Cyanobacteria, Family I (mean relaOve abundance ± SD: 10.46 ± 1.55% and 4.38 ± 1.55%, respecOvely) and a 

decrease of Cryomorphaceae and Comamonadaceae (mean relaOve abundance ± SD: 1.99 ± 0.70% and 0.05 

± 0.07%, respecOvely). Moreover, Flavobacteriaceae and Rhodobacteraceae show a significant decrease 

(mean relaOve abundance ± SD: 16.48 ± 4.16% and 6.77 ± 0.42%, respecOvely). In summer, the seawater 

microbial ecosystem is dominated by Cyanobacteria, Family I (relaOve abundance: 9.46%) and 

Rhodobacteraceae (relaOve abundance: 8.67%), followed by Flavobacteriaceae and Saprospiraceae (relaOve 

abundance: 5.28% and 5.18%, respecOvely). Finally, every season is characterized by a high level of 

unclassified families (mean relaOve abundance ± SD in winter: 26.84 ± 1.48%, in spring: 32.12 ± 3.03% and 

in summer: 41.14%). 
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Figure 12 - Pie charts depicOng the microbiome composiOon of A. viridis (A) and seawater (B) at the phylum level in 

the three different seasons (from le^ to right: winter, spring and summer). Only phyla with relaOve abundance > 1% 

in at least the 20% of samples are represented. 
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In order to provide addiOonal informaOon on A. viridis microbial differences across seasonality, we 

highlighted microbial variaOons in the host tridimensional structure through a graphic visualizaOon by 

means of ternary plots represenOng A. viridis anatomic compartments in the three different seasons (Figure 

13). The circle represenOng the phylum Verrucomicrobia, for example, is plo`ed closer to the coelenteron 

(C) vertex in winter, whereas it shi^s towards the swab (S) and the tentacle (T) in summer. Cyanobacteria, 

which appear in summer, seem to be more associated with the coelenteron niche. Epsilonproteobacteria, 

which comprise, for instance, the family Campylobacteraceae, are plo`ed nearer to the coelenteron and 

tentacle vertexes in spring, while they tend to move a bit closer to the swab in summer. Another example is 

given by one family belonging to the phylum Planctomycetes, since its circle, from winter to summer, moves 

towards the tentacle vertex. Finally, the phylum Spirochaetae, well represented in winter and summer, is 

plo`ed closer to the coelenteron in winter and closer to the tentacle in summer.

The overall composiOonal differences between A. viridis and seawater microbiomes were evaluated by 

performing a PCoA of the unweighted UniFrac distances. The results indicate a significant segregaOon 

between the two bacterial communiOes (permutaOon test with pseudo-F raOo, p-value = 0.001; not shown). 

The same beta diversity analysis was also carried out to highlight the seasonal and anatomic variaOons in 

the community structure of the sea anemones (Figure 14). As expected, the PCoA of the unweighted 

UniFrac distances shows a sharp separaOon of the microbiome structure across seasons, but only a slight 
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Figure 13 - Enrichment of bacterial families in the different anatomic compartments of the sea anemone A. viridis in 

the three different seasons. Ternary plots of bacterial families detected in the dataset with relaOve abundance > 2% 

in at least 4 samples. The samples were taken in winter (A), spring (B) and summer (C). The enrichment in the three 

anatomic compartments is plo`ed with the coelenteron (C), swab (S) and tentacle (T) ecosystems at the vertexes of 

the triangles. Each circle represents one bacterial family, and its size is proporOonal to the weighted relaOve 

abundance. Bacterial families are colored according to the phylum (or class, in the case of Proteobacteria) to which 

they belong (see the color legend on the right). 



separaOon across different anatomic compartments (permutaOon test with pseudo-F raOo, p-value = 0.001 

and < 0.05, respecOvely). 

Discussion 

The characterisOc microbial community hosted by the sea anemone A. viridis, known to exert an influence 

on the many animal physiological processes, has been invesOgated in relaOon to seasonality in the 

northwestern AdriaOc Sea, showing some interesOng composiOonal changes from winter to summer. 

Alpha and beta diversity measurements indicate that A. viridis microbiome is significantly different from 

that of the surrounding water column, besides being less biodiverse. Overall, these results hint at the 

presence of a non-neutral acquisiOon, mediated by the holobiont, of microorganisms from the nearby 

environment, as highlighted by previous studies showing a host-specific microbial profile for other 

anthozoans (Kvennefors et al., 2010; Pollock et al., 2018; Palladino et al., 2021b). According to our findings, 

seasonality is an important driver for shaping the composiOonal structure of A. viridis microbiome, both at 

the phylum and at the family level, with similar pa`erns that have already been observed for other 

subtropical and temperate anthozoans (Sharp et al., 2017; Cai et al., 2018; Palladino et al., 2021b). As 

already described, the northwestern AdriaOc Sea is a shallow basin characterized by strong seasonality 

throughout the year, which may alter several environmental parameters, including river inputs and 

oceanographic condiOons (Alvisi and Cozzi, 2016). It is interesOng to noOce the variaOon in the relaOve 

abundance of some bacterial families across seasonality. Individuals collected in winter are characterized by 

higher abundances of Rhodobacteraceae and Flavobacteriaceae, common components of microbial 

seawater ecosystems (Campbell et al., 2015). The Vibrionaceae family includes members with well-known 

opportunisOc and pathogenic traits (Egan and Gardiner, 2016; Ziegler et al., 2016) and its relaOve 

abundance is higher in spring and summer. These observaOons are in line with a recent arOcle on 

Corallimorpharia, a group of anthozoans closely related to sea anemones (Palladino et al., 2021b). This is 
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Figure 14 - Principal Coordinates Analyses (PCoA) based on unweighted UniFrac distances showing the variaOon of 

the A. viridis microbiome in winter (light gray), spring (light green) and summer (orange) (A) and in three different 

anatomic compartments (B), namely coelenteron (red), swab (dark yellow) and tentacle (light purple) (permutaOon 

test with pseudo-F raOo, p-value = 0.001 and < 0.05, respecOvely). The first and second principal components (MDS1 

and MDS2) are reported in each plot and the percentage of variaOon in the dataset explained by each axis is 

indicated. Ellipses include the 95% confidence area based on the standard error of the weighted average of sample 

coordinates. 
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not surprising as Vibrionaceae are o^en associated with high seawater temperatures and coral bleaching 

(Li`man et al., 2011; Pootakham et al., 2019). Besides, their high relaOve abundance in spring may be linked 

to a greater nutrient load, discharged from rivers, in which Vibrionaceae may thrive (Fan et al., 2013). 

However, this taxon also includes species frequently described as symbionts in marine macroorganisms 

(Palladino et al., 2021b), making it important for future studies to unravel the sOll controversial funcOons of 

Vibrionaceae in marine holobionts. In the spring season, a peak in Campylobacteraceae relaOve abundance 

is observed. Campylobacteraceae are a diverse group of pathogenic, commensal and environmental 

bacteria which comprises few genera with a vast array of funcOons (On and Zhang, 2014). Given their 

recorded presence in diseased corals (Daniels et al., 2015) and their clear dominance in A. viridis spring 

samples, further implicaOons of the presence of this family in the complex holobiont will be worth 

invesOgaOng. These results indicate that A. viridis microbiome might be subjected to seasonal transiOons, 

especially from winter to spring, leading to a marked composiOonal rearrangement of the holobiont-

associated bacterial taxa. Such pa`ern, already highlighted in some anthozoan holobionts (Sharp et al., 

2017; Palladino et al., 2021b), can be observed for other microbial families. Some of them, such as Family 

XII of the order Clostridiales, Shewanellaceae and Pseudoalteromonadaceae, are significantly more 

abundant in spring and include taxa with rich metabolic versaOlity and acOve in nutrient cycling pathways, 

as well as potenOal pathogens and opportunisOc taxa capable of surviving in environments with high 

organic loads, like the northwestern AdriaOc Sea (Leite et al., 2017; Conte et al., 2021). Moreover, the spring 

season is also enriched in families with nitrogen-fixing and denitrifying capabiliOes, such as Marinilabiaceae, 

which may be selected in periods of greater nutrient loads (Jessen et al., 2013). Last, the high relaOve 

abundance of Cyanobacteria Family I in summer, even though the differences across seasons are not 

staOsOcally significant, is not surprising, as these phytoplanktonic microbes are known to flourish at mild 

temperatures and in good sunlight condiOons (Kim et al., 2020). Moreover, Cyanobacteria higher 

abundance is an indicator for seawater eutrophicaOon (Huisman et al., 2018) that can be linked to 

anthropogenic acOviOes (TsikoO and Genitsaris, 2021), such as tourism. 

Taken together, these results show that seasonality combine with season-related anthropogenic stressors 

that can be a consistent driver capable of shaping microbiome taxonomy of the sea anemone A. viridis in 

the northwestern AdriaOc Sea, a region characterized by strong annual fluctuaOons and severe 

anthropogenic stressors. Further studies should be focusing on the metabolic potenOal and on the actual 

microbial funcOons which may help the holobiont to cope with environmental shi^s, given the greater 

magnitude that they are expected to have in the years to come.
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2.5 Study III — Impact of marine aquaculture on the microbiome associated with nearby holobionts: the 

case of Patella caerulea living in proximity of sea bream aquaculture cages 

IntroducEon  

Fish farming is rapidly increasing in the Mediterranean Sea in order to respond to the rising demand for 

products for human consumpOon. Marine aquaculture (mariculture) is an integral part of growing coastal 

economy and is mainly carried out by caged open systems, with the farmed species in direct contact with 

the wild coastal ecosystem  (Grigorakis and Rigos, 2011; Rosa et al., 2012). Current finfish farming pracOces 15

influence the marine biota at different trophic levels by changing environmental condiOons in the 

surrounding water column, which undergoes severe eutrophicaOon, as well as by impacOng the chemical 

features of the sediments below the cages (San Diego-McGlone et al., 2008; Grigorakis and Rigos, 2011; 

Tičina et al., 2020). Indeed, sediments in proximity of the cages show an increase in organic ma`er, due to 

the sedimentaOon of uneaten feed and fish feces, as well as an accumulaOon of heavy metals (Moncada et 

al., 2019; Kalantzi et al., 2020). Consequences are shi^s in nutrients and carbon fluxes, pH decline, and 

oxygen depleOon in the sea floor, resulOng in ammonia and hydrogen sulfide accumulaOon (Holmer et al., 

2003; San Diego-McGlone et al., 2008). Such condiOons modify the benthic assemblages of fauna and 

seagrass, affecOng the whole food web (Karakassis et al., 2000). It has been demonstrated that the 

proximity of fish farming cages affects the survival of grazers and other macro-fauna trophic groups, even 

further than the mere sedimentaOon zone (Grigorakis and Rigos, 2011; Sanz-Lázaro et al., 2011).  

All environments on our planet, including macro-organisms themselves (defined as holobionts), are 

colonized by microorganisms living in complex communiOes called microbiomes. All key biosphere 

processes, both terrestrial and aquaOc, as well as many physiological aspects of animal and plant biology, 

deeply rely on microbiomes. Being aware of the microbiome importance as a life support system for the 

planet biosphere, there is now a huge concern about the impact of local and global anthropogenic factors 

on the planet microbiomes (Cavicchioli et al., 2019), making microbiome assessment a central point for a 

next-generaOon and more holisOc evaluaOon of environmental health. In this scenario, the impact of 

aquaculture on seafloor microbiomes has recently been explored, reporOng decreased bacterial biodiversity 

in the sediments below the cages, the overgrowth of microbial groups able to thrive in anaerobic, carbon-

enriched condiOons, as well as an accumulaOon of fecal bacteria and/or bacteria linked to the sulfur cycle 

(Luna et al., 2013; Hornick et al., 2018; Ape et al., 2019; Moncada et al., 2019; Rubio-PorOllo et al., 2019; Shi 

et al., 2019; Zhang et al., 2020). The microbial community associated with the water column also appeared 

to be different within and outside the cage of farmed sea breams (Haro-Moreno et al., 2020). On the 

contrary, very li`le is known on the effect of the presence of farming cages on the microbiome of nearby 

wild organisms.  

Animals and plants are not autonomous enOOes but need to be viewed as complex biomolecular networks 

composed by the host and its associated microbiome (Bordenstein and Theis, 2015). Microbiome structures 

result from a host-driven selecOon process. Nonetheless, in the case of marine holobionts that live in close, 

water-mediated interacOon with microbiomes from the environment and the other holobionts living in their 

 h`p://www.fao.org/documents/card/en/c/I9540EN/. The State of World Fisheries and Aquaculture 2018 - Mee,ng the 15

Sustainable Development Goals. Rome: FAO. Accessed 07 Jan 2021.
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proximity, host-associated microbial communiOes show a strong metacommunity behavior. In other words, 

the microbiome of a given host is presumably linked by dispersal to all other microbiomes in the same 

environment, and microbiome recruitment by one host can be affected by the exudate of another, nearby 

dwelling holobiont (Leibold et al., 2004; Adair and Douglas, 2017; Cleary et al., 2019; Trevathan-Tacke` et 

al., 2019). Therefore, it is reasonable to expect that the microbiomes associated with wild marine 

holobionts living in proximity to the fish farms are somehow affected by the interacOon with the 

microbiomes of farmed fish, both directly, by the transfer of fish microorganisms dispersed to the water 

column and/or sediments, and indirectly, by changing the surrounding environmental bacterial community. 

Eventually, the consequent colonizaOon of the wild holobiont microbiomes with allochthonous microbial 

components would result in composiOonal changes with cascade impacts on the health and safety of the 

marine environment. In agreement with these hypotheses, it was recently reported that sponges living in 

proximity of fish farming sites in the Philippines harbor a microbial community enriched in genes involved in 

ammonia oxidaOon compared to sponges of the same species collected in prisOne waters (Baquiran and 

Conaco, 2018).  

In order to explore how the presence of fish farming cages influences the microbiome of the surrounding 

wild holobionts, we selected a common grazer gastropod from the genus Patella as a representaOve fouling 

holobiont. Patella caerulea is a common seaweed grazing marine limpet in all Mediterranean rocky shores 

(Della SanOna and Chelazzi, 1991). As a result of their wide distribuOon, abundance, and sedentary lifestyle, 

limpets of this species have been proposed as biomonitors for the local water quality in terms of heavy 

metal accumulaOon and organic pollutants (Reguera et al., 2018; Viñas et al., 2018). In addiOon, limpets are 

keystone species for the coastal ecosystem because they regulate the degree of algal coverage and, 

consequently, succession processes in rocky interOdal communiOes (Coleman et al., 2006; Reguera et al., 

2018; Viñas et al., 2018).  

In this study, we compared (by next-generaOon sequencing 16S rDNA metabarcoding) the P. caerulea 

digesOve gland microbiome structure in individuals collected close to sea bream (Sparus aurata) 

aquaculture cages located in a fish farm in Southern Sicily (Italy), Mediterranean Sea, with the one from 

individuals collected on a rocky coastal tract located at 1.2 km from the aquaculture facility, as a control 

site. The gut, skin, and gill microbiomes from the farmed fishes were also assessed, together with microbial 

assemblages from sediments and water at the aquaculture and control sites, allowing us to explore the 

variaOon of P. caerulea microbiomes at the aquaculture site in a holisOc metacommunity context. Both 

sampling sites were located in the harbor of Licata, which is an ideal locaOon to invesOgate the impact of 

aquaculture systems on the microbiome composiOon of nearby wild animals due to the limited 

hydrodynamic circulaOon inside the harbor and to its shallow depth (≈10 m), resulOng in a large amount of 

organic ma`er accumulaOng on the sea floor under the cages (Ape et al., 2019). This comprehensive study 

design allowed us to dissect the interacOon between the microbiomes from farmed fishes and surrounding 

wild holobionts at the metacommunity level, showing pa`erns of microbial dispersion from the former to 

the environment and, finally, to locally dwelling wild organisms. 
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Materials and Methods  

Site descripOon, samples collecOon, and environmental data  

The sampling was performed on 25 September 2019, in a marine fish farm located in the harbor of Licata 

(Figure 15), in Southern Sicily (Mediterranean Sea, coordinates 37.087713°N, 13.943773°E). The facility is 

composed of 23 floaOng cages containing separately sea bream (S. aurata) and sea bass (Dicentrarchus 

labrax); further details on the sampling site are reported in Ape et al. (2019). Sea bream and sea bass have 

producOve cycles of different length; thus, at the Ome of sampling, only sea bream cages contained a high 

number of adult fishes, represenOng a large biomass potenOally influencing the local limpet microbiome. 

Indeed, in September, S. aurata individuals were almost at the end of their producOve cycle, causing a 

progressive transformaOon of the benthic substrate into a muddy black sediment and making the sampling 

period ideal for the maximizaOon of the aquaculture plant impact on the wild environment. We selected 

one of the sea bream cages as the sample site (37.086667°N, 13.943611°E), and we collected five S. aurata 

individuals and 12 P. caerulea individuals, the la`er growing in adhesion to the cage plasOc tubes. Surface 

sediment (0–1 cm) and seawater were collected under the cage as well as at two addiOonal sites 

(37.089732°N, 13.937469°E and 37.091949°N, 13.933703°E, about 670 m and 1.2 km far from the 

aquaculture site, respecOvely) as controls, by coring and through a sterile plasOc bo`le, respecOvely. Limpet 

samples were detached using a previously sterilized knife and preserved into sterile plasOc containers. We 

also collected 15 P. caerulea individuals from the shallow water rocks located along the pier (37.092222°N, 

13.933056°E, 1.2 km far from the aquaculture site), as described above. From each fish, intesOnal content 

(gut), gills, and skin were collected. In more detail, sea bream individuals (average 270 g) were euthanized 

by anesthesia (MS-222) following the naOonal regulaOons and set on ice unOl processing. Within 2–5 h, gut 

Ossues were obtained by asepOc dissecOon, and the intesOnal content was squeezed out as described in 

Mente et al. (2018) and stored in sterile tubes. Finally, a 2 × 2 cm of skin (le^ side) and the second gill 

branch (le^ side) were asepOcally collected with sterile scissors, rinsed with sterile phosphate buffer, and 

stored in sterile tubes. All samples were kept at −20 °C unOl shipping in the respecOve labs.  

Seawater temperature and pH measurements were performed with an Onset HOBO Data Logger. Salinity 

was measured through an opOcal refractometer. Water samples for determinaOon of total alkalinity (TA) 

were collected at both sites using sterile 120 mL syringes. The syringe samples were immediately 

transferred in labeled 100 mL amber glass bo`les and fixed with saturated mercuric chloride (HgCl2) to 

avoid biological alteraOon and stored in darkness at 4 °C prior to measurement. TA was determined by 

potenOometric OtraOon (6 measurements per site) using a Metrohm 888 Titrando inter-faced with the data 

acquisiOon so^ware TiAmo Light. The HCl (0.1 M) Otrant soluOon was calibrated against cerOfied reference 

materials distributed by A.G. Dickson (CRM, Batches #187). Seawater pH, TA, salinity, and temperature were 

used to calculate other carbonate chemistry parameters using the so^ware CO2SYS with referenced 

dissociaOon constants (Mehrbach et al., 1973; Dickson and Millero, 1987; Dickson, 1990).  
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Microbial DNA extracOon, 16S rRNA gene amplificaOon and sequencing 

For limpet samples, we dissected the digesOve gland from each individual under a verOcal laminar airflow 

cabinet using sterile tweezers and scalpels, obtaining a weight range from 0.037 g to 0.460 g for all the 

glands, depending on each limpet size. Total microbial DNA extracOon was performed on limpets digesOve 

glands using the DNeasy PowerSoil Kit (Qiagen, Hilden, Germany) (Musella et al., 2020). 

All feces collected from each sample were used for DNA extracOon. Seawater samples (1 L) were filtered 

onto 0.22 μm cellulose nitrate membrane filters (Sartorius, ø 47 mm) and stored at −20 °C unOl processing; 

the enOre membrane filters were used for DNA extracOon. The top 1  cm of each sterile corer used for 

sediments collecOon was carefully extruded and stored at −20 °C and 1 g of this sediment was used for DNA 

extracOon. DNA from sea bream feces and Ossues, seawater and sediment samples was extracted using the 

DNeasy PowerSoil Kit (Qiagen) (Quero et al., 2017; Ape et al., 2019). Extracted DNA samples were 

quanOfied with NanoDrop ND-1000 (NanoDrop Technologies, Wilmington, DE) and stored at –20 °C unOl 

further processing. 

PCR amplificaOon of the V3-V4 hypervariable region of the 16S rRNA gene, library preparaOon and 

sequencing were carried out as described in paragraph 2.2. 

BioinformaOcs and staOsOcs 

Raw sequences were processed as described in paragraph 2.2. Two different metrics were used to evaluate 

alpha diversity - Faith’s PhylogeneOc Diversity (Faith_pd) (Faith, 1992) and number of observed ASVs. Beta 

diversity was esOmated by compuOng the unweighted UniFrac distance. To further characterize the 

composiOonal specificiOes of the limpets digesOve gland microbiome at aquaculture and control sites in the 

context of their respecOve marine metacommuniOes, PANDAseq assembled paired-end reads were also 

 of 51 126

Figure 15 - Sampling site descripEon. Map of the marine fish farm located in the harbor of Licata (37.087713°N, 

13.943773°E). The sampling sites are indicated with red balloons and labelled accordingly. Aquaculture site is 

located at 37.086667°N, 13.943611°E, control sediment and water samples were collected far from the fish cages 

(37.089732°N, 13.937469°E and 37.091949°N, 13.933703°E) and P. caerulea individuals from the shallow water 

rocks located along the pier were collected at 37.092222°N, 13.933056°E (source: Google Earth, earth.google.com/

web/; map data: SIO, NOAA, U.S. Navy, NGA, GEBCO, IBCAO). 



processed with the QIIME1 (Caporaso et al., 2010) pipeline for OTUs (OperaOonal Taxonomic Units) 

clustering based on 97% similarity threshold, with taxonomy assignment performed using the SILVA 

database. As above, all the sequences assigned to eukaryotes or unassigned were discarded. 

All staOsOcal analyses were performed using the R so^ware  (R Core Team), version 3.6.1., with the 16

packages “Made4” (Culhane et al., 2005) and “vegan ”, except for environmental parameters that were 17

compared between sites using Mann-Whitney, computed with IBM SPSS StaOsOcs 26.0 (IBM CorporaOon). 

Ternary plots were prepared using the R packages “ggtern” (Hamilton and Ferry, 2018), “PMCMR” (Pohlert, 

2014) and “vcd” (Meyer et al., 2020). Unweighted UniFrac distances were plo`ed using the vegan package 

and the data separaOon in the Principal Coordinates Analysis (PCoA) was tested using a permutaOon test 

with pseudo-F raOos (funcOon “adonis” in the vegan package). Wilcoxon rank-sum test was used to assess 

differences in alpha diversity and ternary plots, and Kruskal-Wallis test for tesOng OTUs separaOon. P-values 

were corrected for mulOple tesOng with the Benjamini-Hochberg method, with a false discovery rate (FDR) 

≤ 0.05 considered staOsOcally significant.

Results 

Diversity and composiOonal structure of the marine microbial communiOes at aquaculture and control site 

in the Licata harbor 

Sequencing of the V3-V4 hypervariable region of the 16S rRNA gene from the total microbial DNA resulted 

in 50 samples, from aquaculture and control sites, producing a high-quality output. These included three 

sediment and three seawater samples, 25 limpet digesOve glands (DG) and 19 sea bream samples, 

consisOng of 12 gut samples, three gill samples and four skin samples. The number of high-quality reads in 

the samples ranged between 1,690 and 20,252 per sample, with a subsequent normalizaOon to the lowest 

number of reads (1,690), resulOng into 6,450 ASVs and 8,701 OTUs. 

According to our data, the overall structure of the limpet DG microbiome segregated from that of seawater 

and sediments microecosystems, as shown by the Principal Coordinates Analysis (PCoA) based on the 

unweighted UniFrac distances (Figure 16A) (permutaOon test with pseudo-F raOo, p-value ≤ 0.001). P. 

caerulea DG microbiome was also characterized by a lower diversity with respect to environmental 

communiOes (seawater and sediments) (Figure 16B), although the trend did not always reach the staOsOcal 

significance (Wilcoxon rank-sum test controlled for mulOple tesOng using FDR; limpets vs sediment p-value ≤ 

0.05, limpets vs seawater p-value 0.09 and 0.2 for Faith PD index and number of observed ASVs, 

respecOvely). 

Concerning their phylogeneOc composiOon, the microbial assemblages associated with the three types of 

samples showed a characterisOc layout in terms of dominant and subdominant components, with a specific 

declinaOon according to the sampling site. ParOcularly, the microbiome of P. caerulea DG was characterized 

by two dominant phyla, Proteobacteria (mean relaOve abundance ± SD, 44.1 ± 12.6% and 43.7 ± 12.5% in 

limpets collected at the control and aquaculture sites, respecOvely) and Planctomycetes (29.7 ± 13.4% and 

28.6 ± 22.4%). Alphaproteobacteria class represented the main fracOon of Proteobacteria (72.0 ± 13.2% and 

66.5 ± 23.0%). Relevant subdominant phyla (average relaOve abundance > 1%) were Firmicutes (6.4 ± 11.6% 

 h`ps://www.R-project.org; 201316

 h`ps://cran.r-project.org/web/packages/vegan/index.html17

 of 52 126



and 5.7 ± 4.6%), AcOnobacteria (5.5 ± 7.3% and 3.7 ± 7.1%), Bacteroidetes (4.2 ± 8.5% and 2.8 ± 3.2%) and 

Cyanobacteria (2.1 ± 1.4% and 2.7 ± 3.2%). In the control site, we also found Verrucomicrobia (3.9 ± 3.4%), 

whereas Tenericutes (9.5 ± 16.5%) and Fusobacteria (1.2 ± 2.7%) were only present in the aquaculture site 

(Figure 17A). The detailed composiOonal structure of water and sediments microbiomes at the aquaculture 

and control sites is available in Supplementary Figures S6 and S7. Briefly, both sediments and seawater were 

mainly characterized by Proteobacteria and Bacteroidetes at all sampling sites. In the aquaculture site, the 

two matrices also included members of the Firmicutes phylum, whereas Verrucomicrobia were only 

characterisOc of seawater. Finally, the microbiomes associated with different Ossues of farmed sea breams 

were also characterized (Supplementary Figure S8). Our findings showed that all sea bream microbiomes 

were mainly characterized by Proteobacteria, with Firmicutes and AcOnobacteria only represented in the 

gut samples. 

Changes in the limpet microbiome and surrounding metacommuniOes at the aquaculture site in the Licata 

harbor 

In order to highlight the impact of aquaculture cages on the limpet DG microbiome, a PCoA of the 

unweighted UniFrac distances of the microbiome structures in individuals collected at aquaculture and 

control sites was performed (Figure 17D). Data indicated a significant segregaOon between the two 

ecosystems (permutaOon test with pseudo-F raOo, p-value ≤ 0.001), demonstraOng that the phylogeneOc 

composiOon of P. caerulea DG microbiome changed at the aquaculture site. Further, DG samples collected 

in the aquaculture site showed a significantly lower alpha diversity, as shown by two different metrics (FDR-
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Figure 16 - Alpha and beta diversity comparison between P. caerulea and the surrounding environment. (A) 

Principal Coordinates Analysis (PCoA) based on the unweighted UniFrac distances between microbial profiles of 

sediments, seawater and limpets, showing a strong separaOon between the groups (permutaOon test with pseudo-F 

raOo, p-value ≤ 0.001). The percentage of variance in the dataset explained by each axis, first and second principal 

component (PCo1 and PCo2), is 12.4% and 9.3%, respecOvely. Ellipses include 95% confidence area based on the 

standard error of the weighted average of sample coordinates. (B) Box-and-whiskers distribuOon of Faith's 

PhylogeneOc Diversity (Faith_pd) and number of observed ASVs as metrics of alpha diversity. 



corrected Wilcoxon rank-sum test, p-value 0.008 and 0.01 for Faith PD index and number of observed ASVs, 

respecOvely) (Figure 17C). For what concerns the main DG microbiome composiOonal specificiOes, limpets 

at the aquaculture site were characterized by a higher relaOve abundance in members belonging to the 

family Mycoplasmataceae (9.4 ± 16.5% in samples from the cages vs. 0.8 ± 3.3% in controls). Conversely, 

among the subdominant components, the DG microbiome of individuals at the aquaculture site was 

significantly depleted in members of the uncultured Verrucomicrobiales group DEV007, showing a relaOve 

abundance (r.a.) of 0.3 ± 0.5% compared to 2.1 ± 1.9% observed in controls (FDR-corrected Wilcoxon rank-

sum test, p-value = 0.007) (Figure 17B). 
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Figure 17 - Overall descripOon of P. caerulea microbial communiOes and alpha and beta diversity comparison 

between P. caerulea from control and aquaculture sites. Pie charts summarizing the phylum (A) and family (B) level 

microbiota composiOon of P. caerulea in the two sampling sites. Phyla with relaOve abundance > 0.5% in at least one 

sample and families with relaOve abundance > 2% in at least 10% of samples are represented. Proteobacteria 

classes are expanded on the respecOve pie chart phylum slice. (C) Box-and-whiskers distribuOon of the alpha 

diversity metrics Faith's PhylogeneOc Diversity (Faith_pd) and number of observed ASVs. (D) Principal Coordinates 

Analysis (PCoA) based on the unweighted UniFrac distances between microbial profiles of P. caerulea in the two 

sampling sites shows a strong separaOon between the groups (permutaOon test with pseudo-F raOo, p-value ≤ 

0.001). The percentage of variance in the dataset explained by each axis, first and second principal component 

(PCo1 and PCo2), is 13.1% and 7.0%, respecOvely. Ellipses include 95% confidence area based on the standard error 

of the weighted average of sample coordinates. 
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Enterococcaceae
Lactobacillaceae
Streptococcaceae
Clostridiaceae1
Clostridiales;famXI
Clostridiales;famXII
Lachnospiraceae
Peptostreptococcaceae
Clostridiales;other
Erysipelotrichaceae
Veillonellaceae
Fusobacteriaceae
Nitrospiraceae
Planctomycetaceae
Bradyrhizobiaceae
Hyphomicrobiaceae
Rhizobiales;MNG7
Phyllobacteriaceae
Rhizobiaceae
Rhodobiaceae
Rhizobiales;other
Rhodobacteraceae
Acetobacteraceae
Rhodospirillaceae
Rhodospirillales_inc_sedis
Rhodospirillales;other
Rickettsiales;SAR116clade
Alphaproteobacteria;SAR11clade;Surface1
Sphingomonadaceae
Alphaproteobacteria;other
Comamonadaceae
Oxalobacteraceae
Neisseriaceae
Desulfobulbaceae
Deltaproteobacteria;NB1-j;unc
Helicobacteraceae
Pseudoalteromonadaceae
Shewanellaceae
Alteromonadales;other
Chromatiaceae
Enterobacteriaceae
Halomonadaceae
Pasteurellaceae
Moraxellaceae
Pseudomonadaceae
Vibrionaceae
JTB255mar_benthic_gr
Xanthomonadaceae
Gammaproteobacteria;other
Spirochaetaceae
Mycoplasmataceae
Verrucomicrobia;OPB35_soil_gr;unc
Chthoniobacterales;other
Verrucomicrobiales;DEV007
Verrucomicrobiaceae
Other_families

Actinomycetaceae
Bifidobacteriaceae
Corynebacteriaceae
Corynebacteriales;Other
Micromonosporaceae
Propionibacteriaceae
Pseudonocardiaceae
Actinobacteria;Other
Rubrobacteriaceae
Bacteroidaceae
Prevotellaceae
Cryomorphaceae
Flavobacteriaceae
Chitinophagaceae
Saprospiraceae
Sphingobacteriales;envOPS17
Caldilineaceae
Cyanobacteria;subsI;famI
Cyanobacteria;subsII;famII
Cyanobacteria;subsIII;famI
Obscuribacterales;unc
Bacillaceae
Bacillales;famXI
Staphylococcaceae
Carnobacteriaceae
Enterococcaceae
Lactobacillaceae
Streptococcaceae
Clostridiaceae1
Clostridiales;famXI
Clostridiales;famXII
Lachnospiraceae
Peptostreptococcaceae
Clostridiales;other
Erysipelotrichaceae
Veillonellaceae
Fusobacteriaceae
Nitrospiraceae
Planctomycetaceae
Bradyrhizobiaceae
Hyphomicrobiaceae
Rhizobiales;MNG7
Phyllobacteriaceae
Rhizobiaceae
Rhodobiaceae
Rhizobiales;other
Rhodobacteraceae
Acetobacteraceae
Rhodospirillaceae
Rhodospirillales_inc_sedis
Rhodospirillales;other
Rickettsiales;SAR116clade
Alphaproteobacteria;SAR11clade;Surface1
Sphingomonadaceae
Alphaproteobacteria;other
Comamonadaceae
Oxalobacteraceae
Neisseriaceae
Desulfobulbaceae
Deltaproteobacteria;NB1-j;unc
Helicobacteraceae
Pseudoalteromonadaceae
Shewanellaceae
Alteromonadales;other
Chromatiaceae
Enterobacteriaceae
Halomonadaceae
Pasteurellaceae
Moraxellaceae
Pseudomonadaceae
Vibrionaceae
JTB255mar_benthic_gr
Xanthomonadaceae
Gammaproteobacteria;other
Spirochaetaceae
Mycoplasmataceae
Verrucomicrobia;OPB35_soil_gr;unc
Chthoniobacterales;other
Verrucomicrobiales;DEV007
Verrucomicrobiaceae
Other_families

Actinomycetaceae
Bifidobacteriaceae
Corynebacteriaceae
Corynebacteriales;Other
Micromonosporaceae
Propionibacteriaceae
Pseudonocardiaceae
Actinobacteria;Other
Rubrobacteriaceae
Bacteroidaceae
Prevotellaceae
Cryomorphaceae
Flavobacteriaceae
Chitinophagaceae
Saprospiraceae
Sphingobacteriales;envOPS17
Caldilineaceae
Cyanobacteria;subsI;famI
Cyanobacteria;subsII;famII
Cyanobacteria;subsIII;famI
Obscuribacterales;unc
Bacillaceae
Bacillales;famXI
Staphylococcaceae
Carnobacteriaceae
Enterococcaceae
Lactobacillaceae
Streptococcaceae
Clostridiaceae1
Clostridiales;famXI
Clostridiales;famXII
Lachnospiraceae
Peptostreptococcaceae
Clostridiales;other
Erysipelotrichaceae
Veillonellaceae
Fusobacteriaceae
Nitrospiraceae
Planctomycetaceae
Bradyrhizobiaceae
Hyphomicrobiaceae
Rhizobiales;MNG7
Phyllobacteriaceae
Rhizobiaceae
Rhodobiaceae
Rhizobiales;other
Rhodobacteraceae
Acetobacteraceae
Rhodospirillaceae
Rhodospirillales_inc_sedis
Rhodospirillales;other
Rickettsiales;SAR116clade
Alphaproteobacteria;SAR11clade;Surface1
Sphingomonadaceae
Alphaproteobacteria;other
Comamonadaceae
Oxalobacteraceae
Neisseriaceae
Desulfobulbaceae
Deltaproteobacteria;NB1-j;unc
Helicobacteraceae
Pseudoalteromonadaceae
Shewanellaceae
Alteromonadales;other
Chromatiaceae
Enterobacteriaceae
Halomonadaceae
Pasteurellaceae
Moraxellaceae
Pseudomonadaceae
Vibrionaceae
JTB255mar_benthic_gr
Xanthomonadaceae
Gammaproteobacteria;other
Spirochaetaceae
Mycoplasmataceae
Verrucomicrobia;OPB35_soil_gr;unc
Chthoniobacterales;other
Verrucomicrobiales;DEV007
Verrucomicrobiaceae
Other_families

Comamonadaceae 
Oxalobacteraceae 
Desulfobulbaceae 
Helicobacteraceae 
Pseudoalteromonadaceae 
Shewanellaceae 
Chromatiaceae 
Enterobacteriaceae 
Halomonadaceae 
Pasteurellaceae 
Moraxellaceae 
Pseudomonadaceae 
Vibrionaceae 
JTB255mar_benthic_gr 
Xanthomonadaceae 
Gammaproptebacteria;other 
Spirochaetaceae 
Mycoplasmataceae 
Chthoniobacterales;other 
Verrucomicrobiales;DEV007 
Verrucomicrobiaceae 
Other_families

Actinomycetaceae
Bifidobacteriaceae
Corynebacteriaceae
Corynebacteriales;Other
Micromonosporaceae
Propionibacteriaceae
Pseudonocardiaceae
Actinobacteria;Other
Rubrobacteriaceae
Bacteroidaceae
Prevotellaceae
Cryomorphaceae
Flavobacteriaceae
Chitinophagaceae
Saprospiraceae
Sphingobacteriales;envOPS17
Caldilineaceae
Cyanobacteria;subsI;famI
Cyanobacteria;subsII;famII
Cyanobacteria;subsIII;famI
Obscuribacterales;unc
Bacillaceae
Bacillales;famXI
Staphylococcaceae
Carnobacteriaceae
Enterococcaceae
Lactobacillaceae
Streptococcaceae
Clostridiaceae1
Clostridiales;famXI
Clostridiales;famXII
Lachnospiraceae
Peptostreptococcaceae
Clostridiales;other
Erysipelotrichaceae
Veillonellaceae
Fusobacteriaceae
Nitrospiraceae
Planctomycetaceae
Bradyrhizobiaceae
Hyphomicrobiaceae
Rhizobiales;MNG7
Phyllobacteriaceae
Rhizobiaceae
Rhodobiaceae
Rhizobiales;other
Rhodobacteraceae
Acetobacteraceae
Rhodospirillaceae
Rhodospirillales_inc_sedis
Rhodospirillales;other
Rickettsiales;SAR116clade
Alphaproteobacteria;SAR11clade;Surface1
Sphingomonadaceae
Alphaproteobacteria;other
Comamonadaceae
Oxalobacteraceae
Neisseriaceae
Desulfobulbaceae
Deltaproteobacteria;NB1-j;unc
Helicobacteraceae
Pseudoalteromonadaceae
Shewanellaceae
Alteromonadales;other
Chromatiaceae
Enterobacteriaceae
Halomonadaceae
Pasteurellaceae
Moraxellaceae
Pseudomonadaceae
Vibrionaceae
JTB255mar_benthic_gr
Xanthomonadaceae
Gammaproteobacteria;other
Spirochaetaceae
Mycoplasmataceae
Verrucomicrobia;OPB35_soil_gr;unc
Chthoniobacterales;other
Verrucomicrobiales;DEV007
Verrucomicrobiaceae
Other_families

Actinomycetaceae
Bifidobacteriaceae
Corynebacteriaceae
Corynebacteriales;Other
Micromonosporaceae
Propionibacteriaceae
Pseudonocardiaceae
Actinobacteria;Other
Rubrobacteriaceae
Bacteroidaceae
Prevotellaceae
Cryomorphaceae
Flavobacteriaceae
Chitinophagaceae
Saprospiraceae
Sphingobacteriales;envOPS17
Caldilineaceae
Cyanobacteria;subsI;famI
Cyanobacteria;subsII;famII
Cyanobacteria;subsIII;famI
Obscuribacterales;unc
Bacillaceae
Bacillales;famXI
Staphylococcaceae
Carnobacteriaceae
Enterococcaceae
Lactobacillaceae
Streptococcaceae
Clostridiaceae1
Clostridiales;famXI
Clostridiales;famXII
Lachnospiraceae
Peptostreptococcaceae
Clostridiales;other
Erysipelotrichaceae
Veillonellaceae
Fusobacteriaceae
Nitrospiraceae
Planctomycetaceae
Bradyrhizobiaceae
Hyphomicrobiaceae
Rhizobiales;MNG7
Phyllobacteriaceae
Rhizobiaceae
Rhodobiaceae
Rhizobiales;other
Rhodobacteraceae
Acetobacteraceae
Rhodospirillaceae
Rhodospirillales_inc_sedis
Rhodospirillales;other
Rickettsiales;SAR116clade
Alphaproteobacteria;SAR11clade;Surface1
Sphingomonadaceae
Alphaproteobacteria;other
Comamonadaceae
Oxalobacteraceae
Neisseriaceae
Desulfobulbaceae
Deltaproteobacteria;NB1-j;unc
Helicobacteraceae
Pseudoalteromonadaceae
Shewanellaceae
Alteromonadales;other
Chromatiaceae
Enterobacteriaceae
Halomonadaceae
Pasteurellaceae
Moraxellaceae
Pseudomonadaceae
Vibrionaceae
JTB255mar_benthic_gr
Xanthomonadaceae
Gammaproteobacteria;other
Spirochaetaceae
Mycoplasmataceae
Verrucomicrobia;OPB35_soil_gr;unc
Chthoniobacterales;other
Verrucomicrobiales;DEV007
Verrucomicrobiaceae
Other_families

Actinomycetaceae
Bifidobacteriaceae
Corynebacteriaceae
Corynebacteriales;Other
Micromonosporaceae
Propionibacteriaceae
Pseudonocardiaceae
Actinobacteria;Other
Rubrobacteriaceae
Bacteroidaceae
Prevotellaceae
Cryomorphaceae
Flavobacteriaceae
Chitinophagaceae
Saprospiraceae
Sphingobacteriales;envOPS17
Caldilineaceae
Cyanobacteria;subsI;famI
Cyanobacteria;subsII;famII
Cyanobacteria;subsIII;famI
Obscuribacterales;unc
Bacillaceae
Bacillales;famXI
Staphylococcaceae
Carnobacteriaceae
Enterococcaceae
Lactobacillaceae
Streptococcaceae
Clostridiaceae1
Clostridiales;famXI
Clostridiales;famXII
Lachnospiraceae
Peptostreptococcaceae
Clostridiales;other
Erysipelotrichaceae
Veillonellaceae
Fusobacteriaceae
Nitrospiraceae
Planctomycetaceae
Bradyrhizobiaceae
Hyphomicrobiaceae
Rhizobiales;MNG7
Phyllobacteriaceae
Rhizobiaceae
Rhodobiaceae
Rhizobiales;other
Rhodobacteraceae
Acetobacteraceae
Rhodospirillaceae
Rhodospirillales_inc_sedis
Rhodospirillales;other
Rickettsiales;SAR116clade
Alphaproteobacteria;SAR11clade;Surface1
Sphingomonadaceae
Alphaproteobacteria;other
Comamonadaceae
Oxalobacteraceae
Neisseriaceae
Desulfobulbaceae
Deltaproteobacteria;NB1-j;unc
Helicobacteraceae
Pseudoalteromonadaceae
Shewanellaceae
Alteromonadales;other
Chromatiaceae
Enterobacteriaceae
Halomonadaceae
Pasteurellaceae
Moraxellaceae
Pseudomonadaceae
Vibrionaceae
JTB255mar_benthic_gr
Xanthomonadaceae
Gammaproteobacteria;other
Spirochaetaceae
Mycoplasmataceae
Verrucomicrobia;OPB35_soil_gr;unc
Chthoniobacterales;other
Verrucomicrobiales;DEV007
Verrucomicrobiaceae
Other_families

Actinomycetaceae
Bifidobacteriaceae
Corynebacteriaceae
Corynebacteriales;Other
Micromonosporaceae
Propionibacteriaceae
Pseudonocardiaceae
Actinobacteria;Other
Rubrobacteriaceae
Bacteroidaceae
Prevotellaceae
Cryomorphaceae
Flavobacteriaceae
Chitinophagaceae
Saprospiraceae
Sphingobacteriales;envOPS17
Caldilineaceae
Cyanobacteria;subsI;famI
Cyanobacteria;subsII;famII
Cyanobacteria;subsIII;famI
Obscuribacterales;unc
Bacillaceae
Bacillales;famXI
Staphylococcaceae
Carnobacteriaceae
Enterococcaceae
Lactobacillaceae
Streptococcaceae
Clostridiaceae1
Clostridiales;famXI
Clostridiales;famXII
Lachnospiraceae
Peptostreptococcaceae
Clostridiales;other
Erysipelotrichaceae
Veillonellaceae
Fusobacteriaceae
Nitrospiraceae
Planctomycetaceae
Bradyrhizobiaceae
Hyphomicrobiaceae
Rhizobiales;MNG7
Phyllobacteriaceae
Rhizobiaceae
Rhodobiaceae
Rhizobiales;other
Rhodobacteraceae
Acetobacteraceae
Rhodospirillaceae
Rhodospirillales_inc_sedis
Rhodospirillales;other
Rickettsiales;SAR116clade
Alphaproteobacteria;SAR11clade;Surface1
Sphingomonadaceae
Alphaproteobacteria;other
Comamonadaceae
Oxalobacteraceae
Neisseriaceae
Desulfobulbaceae
Deltaproteobacteria;NB1-j;unc
Helicobacteraceae
Pseudoalteromonadaceae
Shewanellaceae
Alteromonadales;other
Chromatiaceae
Enterobacteriaceae
Halomonadaceae
Pasteurellaceae
Moraxellaceae
Pseudomonadaceae
Vibrionaceae
JTB255mar_benthic_gr
Xanthomonadaceae
Gammaproteobacteria;other
Spirochaetaceae
Mycoplasmataceae
Verrucomicrobia;OPB35_soil_gr;unc
Chthoniobacterales;other
Verrucomicrobiales;DEV007
Verrucomicrobiaceae
Other_families

Actinomycetaceae
Bifidobacteriaceae
Corynebacteriaceae
Corynebacteriales;Other
Micromonosporaceae
Propionibacteriaceae
Pseudonocardiaceae
Actinobacteria;Other
Rubrobacteriaceae
Bacteroidaceae
Prevotellaceae
Cryomorphaceae
Flavobacteriaceae
Chitinophagaceae
Saprospiraceae
Sphingobacteriales;envOPS17
Caldilineaceae
Cyanobacteria;subsI;famI
Cyanobacteria;subsII;famII
Cyanobacteria;subsIII;famI
Obscuribacterales;unc
Bacillaceae
Bacillales;famXI
Staphylococcaceae
Carnobacteriaceae
Enterococcaceae
Lactobacillaceae
Streptococcaceae
Clostridiaceae1
Clostridiales;famXI
Clostridiales;famXII
Lachnospiraceae
Peptostreptococcaceae
Clostridiales;other
Erysipelotrichaceae
Veillonellaceae
Fusobacteriaceae
Nitrospiraceae
Planctomycetaceae
Bradyrhizobiaceae
Hyphomicrobiaceae
Rhizobiales;MNG7
Phyllobacteriaceae
Rhizobiaceae
Rhodobiaceae
Rhizobiales;other
Rhodobacteraceae
Acetobacteraceae
Rhodospirillaceae
Rhodospirillales_inc_sedis
Rhodospirillales;other
Rickettsiales;SAR116clade
Alphaproteobacteria;SAR11clade;Surface1
Sphingomonadaceae
Alphaproteobacteria;other
Comamonadaceae
Oxalobacteraceae
Neisseriaceae
Desulfobulbaceae
Deltaproteobacteria;NB1-j;unc
Helicobacteraceae
Pseudoalteromonadaceae
Shewanellaceae
Alteromonadales;other
Chromatiaceae
Enterobacteriaceae
Halomonadaceae
Pasteurellaceae
Moraxellaceae
Pseudomonadaceae
Vibrionaceae
JTB255mar_benthic_gr
Xanthomonadaceae
Gammaproteobacteria;other
Spirochaetaceae
Mycoplasmataceae
Verrucomicrobia;OPB35_soil_gr;unc
Chthoniobacterales;other
Verrucomicrobiales;DEV007
Verrucomicrobiaceae
Other_families

Acidobacteria
Actinobacteria
Aminicenantes
Armatimonadetes
Bacteroidetes
Chlamydiae
Chlorobi
Chloroflexi
Cyanobacteria
Deinococcus-Thermus
Firmicutes
Fusobacteria
Gemmatimonadetes
Gracilibacteria
Hydrogenedentes
Latescibacteria
Marinimicrobia_SAR406clade
Nitrospirae
Parcubacteria
Planctomycetes
Proteobacteria
SBR1093
Saccharibacteria
Spirochaetae
TM6_Dependentiae
Tenericutes
Verrucomicrobia
WS6
Bacteria;Other
Other_Phyla

Acidobacteria 
Actinobacteria 
Bacteroidetes 
Chlamydiae 
Chlorobi 
Chloroflexi 
Cyanobacteria 
Deinococcus-Thermus 
Firmicutes 
Fusobacteria 
Gemmatimonadetes

Acidobacteria
Actinobacteria
Aminicenantes
Armatimonadetes
Bacteroidetes
Chlamydiae
Chlorobi
Chloroflexi
Cyanobacteria
Deinococcus-Thermus
Firmicutes
Fusobacteria
Gemmatimonadetes
Gracilibacteria
Hydrogenedentes
Latescibacteria
Marinimicrobia_SAR406clade
Nitrospirae
Parcubacteria
Planctomycetes
Proteobacteria
SBR1093
Saccharibacteria
Spirochaetae
TM6_Dependentiae
Tenericutes
Verrucomicrobia
WS6
Bacteria;Other
Other_Phyla

Acidobacteria
Actinobacteria
Aminicenantes
Armatimonadetes
Bacteroidetes
Chlamydiae
Chlorobi
Chloroflexi
Cyanobacteria
Deinococcus-Thermus
Firmicutes
Fusobacteria
Gemmatimonadetes
Gracilibacteria
Hydrogenedentes
Latescibacteria
Marinimicrobia_SAR406clade
Nitrospirae
Parcubacteria
Planctomycetes
Proteobacteria
SBR1093
Saccharibacteria
Spirochaetae
TM6_Dependentiae
Tenericutes
Verrucomicrobia
WS6
Bacteria;Other
Other_Phyla

Planctomycetes 
Proteobacteria 
SBR1093 
Saccharibacteria 
Spirochaetae 
TM6_Dependentiae 
Tenericutes 
Verrucomicrobia 
WS6 
Bacteria;other 
Other_phyla

Alphaproteobacteria Betaproteobacteria
Deltaproteobacteria Epsilonproteobacteria
Gammaproteobacteria Proteobacteria;Other

Alphaproteobacteria 
Deltaproteobacteria 
Gammaproteobacteria

Betaproteobacteria 
Epsilonproteobacteria

Alphaproteobacteria Betaproteobacteria
Deltaproteobacteria Epsilonproteobacteria
Gammaproteobacteria Proteobacteria;Other

Planctomycetaceae

Planctomycetaceae

Rhodobacteraceae

Vibrionaceae

Phyllobacteriaceae

Lactobacillaceae

Bifidobacteriaceae
Flavobacteriaceae

Hyphomicrobiaceae

Verrucomicrobiales;DEV007

Rhodobacteraceae

Mycoplasmataceae

Phyllobacteriaceae

Moraxellaceae

Sphingomonadaceae

Vibrionaceae
Pseudomonadaceae

Rubrobacteriaceae

Acidobacteria
Actinobacteria
Aminicenantes
Armatimonadetes
Bacteroidetes
Chlamydiae
Chlorobi
Chloroflexi
Cyanobacteria
Deinococcus-Thermus
Firmicutes
Fusobacteria
Gemmatimonadetes
Gracilibacteria
Hydrogenedentes
Latescibacteria
Marinimicrobia_SAR406clade
Nitrospirae
Parcubacteria
Planctomycetes
Proteobacteria
SBR1093
Saccharibacteria
Spirochaetae
TM6_Dependentiae
Tenericutes
Verrucomicrobia
WS6
Bacteria;Other
Other_Phyla
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Acidobacteria
Actinobacteria
Aminicenantes
Armatimonadetes
Bacteroidetes
Chlamydiae
Chlorobi
Chloroflexi
Cyanobacteria
Deinococcus-Thermus
Firmicutes
Fusobacteria
Gemmatimonadetes
Gracilibacteria
Hydrogenedentes
Latescibacteria
Marinimicrobia_SAR406clade
Nitrospirae
Parcubacteria
Planctomycetes
Proteobacteria
SBR1093
Saccharibacteria
Spirochaetae
TM6_Dependentiae
Tenericutes
Verrucomicrobia
WS6
Bacteria;Other
Other_Phyla

Alphaproteobacteria Betaproteobacteria
Deltaproteobacteria Epsilonproteobacteria
Gammaproteobacteria Proteobacteria;Other

Alphaproteobacteria Betaproteobacteria
Deltaproteobacteria Epsilonproteobacteria
Gammaproteobacteria Proteobacteria;Other

A

Phyla

Subclasses

Actinomycetaceae
Bifidobacteriaceae
Corynebacteriaceae
Corynebacteriales;Other
Micromonosporaceae
Propionibacteriaceae
Pseudonocardiaceae
Actinobacteria;Other
Rubrobacteriaceae
Bacteroidaceae
Prevotellaceae
Cryomorphaceae
Flavobacteriaceae
Chitinophagaceae
Saprospiraceae
Sphingobacteriales;envOPS17
Caldilineaceae
Cyanobacteria;subsI;famI
Cyanobacteria;subsII;famII
Cyanobacteria;subsIII;famI
Obscuribacterales;unc
Bacillaceae
Bacillales;famXI
Staphylococcaceae
Carnobacteriaceae
Enterococcaceae
Lactobacillaceae
Streptococcaceae
Clostridiaceae1
Clostridiales;famXI
Clostridiales;famXII
Lachnospiraceae
Peptostreptococcaceae
Clostridiales;other
Erysipelotrichaceae
Veillonellaceae
Fusobacteriaceae
Nitrospiraceae
Planctomycetaceae
Bradyrhizobiaceae
Hyphomicrobiaceae
Rhizobiales;MNG7
Phyllobacteriaceae
Rhizobiaceae
Rhodobiaceae
Rhizobiales;other
Rhodobacteraceae
Acetobacteraceae
Rhodospirillaceae
Rhodospirillales_inc_sedis
Rhodospirillales;other
Rickettsiales;SAR116clade
Alphaproteobacteria;SAR11clade;Surface1
Sphingomonadaceae
Alphaproteobacteria;other
Comamonadaceae
Oxalobacteraceae
Neisseriaceae
Desulfobulbaceae
Deltaproteobacteria;NB1-j;unc
Helicobacteraceae
Pseudoalteromonadaceae
Shewanellaceae
Alteromonadales;other
Chromatiaceae
Enterobacteriaceae
Halomonadaceae
Pasteurellaceae
Moraxellaceae
Pseudomonadaceae
Vibrionaceae
JTB255mar_benthic_gr
Xanthomonadaceae
Gammaproteobacteria;other
Spirochaetaceae
Mycoplasmataceae
Verrucomicrobia;OPB35_soil_gr;unc
Chthoniobacterales;other
Verrucomicrobiales;DEV007
Verrucomicrobiaceae
Other_families

Actinomycetaceae
Bifidobacteriaceae
Corynebacteriaceae
Corynebacteriales;Other
Micromonosporaceae
Propionibacteriaceae
Pseudonocardiaceae
Actinobacteria;Other
Rubrobacteriaceae
Bacteroidaceae
Prevotellaceae
Cryomorphaceae
Flavobacteriaceae
Chitinophagaceae
Saprospiraceae
Sphingobacteriales;envOPS17
Caldilineaceae
Cyanobacteria;subsI;famI
Cyanobacteria;subsII;famII
Cyanobacteria;subsIII;famI
Obscuribacterales;unc
Bacillaceae
Bacillales;famXI
Staphylococcaceae
Carnobacteriaceae
Enterococcaceae
Lactobacillaceae
Streptococcaceae
Clostridiaceae1
Clostridiales;famXI
Clostridiales;famXII
Lachnospiraceae
Peptostreptococcaceae
Clostridiales;other
Erysipelotrichaceae
Veillonellaceae
Fusobacteriaceae
Nitrospiraceae
Planctomycetaceae
Bradyrhizobiaceae
Hyphomicrobiaceae
Rhizobiales;MNG7
Phyllobacteriaceae
Rhizobiaceae
Rhodobiaceae
Rhizobiales;other
Rhodobacteraceae
Acetobacteraceae
Rhodospirillaceae
Rhodospirillales_inc_sedis
Rhodospirillales;other
Rickettsiales;SAR116clade
Alphaproteobacteria;SAR11clade;Surface1
Sphingomonadaceae
Alphaproteobacteria;other
Comamonadaceae
Oxalobacteraceae
Neisseriaceae
Desulfobulbaceae
Deltaproteobacteria;NB1-j;unc
Helicobacteraceae
Pseudoalteromonadaceae
Shewanellaceae
Alteromonadales;other
Chromatiaceae
Enterobacteriaceae
Halomonadaceae
Pasteurellaceae
Moraxellaceae
Pseudomonadaceae
Vibrionaceae
JTB255mar_benthic_gr
Xanthomonadaceae
Gammaproteobacteria;other
Spirochaetaceae
Mycoplasmataceae
Verrucomicrobia;OPB35_soil_gr;unc
Chthoniobacterales;other
Verrucomicrobiales;DEV007
Verrucomicrobiaceae
Other_families

Families

B

Actinomycetaceae
Bifidobacteriaceae
Corynebacteriaceae
Corynebacteriales;Other
Micromonosporaceae
Propionibacteriaceae
Pseudonocardiaceae
Actinobacteria;Other
Rubrobacteriaceae
Bacteroidaceae
Prevotellaceae
Cryomorphaceae
Flavobacteriaceae
Chitinophagaceae
Saprospiraceae
Sphingobacteriales;envOPS17
Caldilineaceae
Cyanobacteria;subsI;famI
Cyanobacteria;subsII;famII
Cyanobacteria;subsIII;famI
Obscuribacterales;unc
Bacillaceae
Bacillales;famXI
Staphylococcaceae
Carnobacteriaceae
Enterococcaceae
Lactobacillaceae
Streptococcaceae
Clostridiaceae1
Clostridiales;famXI
Clostridiales;famXII
Lachnospiraceae
Peptostreptococcaceae
Clostridiales;other
Erysipelotrichaceae
Veillonellaceae
Fusobacteriaceae
Nitrospiraceae
Planctomycetaceae
Bradyrhizobiaceae
Hyphomicrobiaceae
Rhizobiales;MNG7
Phyllobacteriaceae
Rhizobiaceae
Rhodobiaceae
Rhizobiales;other
Rhodobacteraceae
Acetobacteraceae
Rhodospirillaceae
Rhodospirillales_inc_sedis
Rhodospirillales;other
Rickettsiales;SAR116clade
Alphaproteobacteria;SAR11clade;Surface1
Sphingomonadaceae
Alphaproteobacteria;other
Comamonadaceae
Oxalobacteraceae
Neisseriaceae
Desulfobulbaceae
Deltaproteobacteria;NB1-j;unc
Helicobacteraceae
Pseudoalteromonadaceae
Shewanellaceae
Alteromonadales;other
Chromatiaceae
Enterobacteriaceae
Halomonadaceae
Pasteurellaceae
Moraxellaceae
Pseudomonadaceae
Vibrionaceae
JTB255mar_benthic_gr
Xanthomonadaceae
Gammaproteobacteria;other
Spirochaetaceae
Mycoplasmataceae
Verrucomicrobia;OPB35_soil_gr;unc
Chthoniobacterales;other
Verrucomicrobiales;DEV007
Verrucomicrobiaceae
Other_families

Actinomycetaceae 
Bifidobacteriaceae 
Corynebacteriaceae 
Micromonosporaceae 
Propionibacteriaceae 
Pseudonocardiaceae 
Rubrobacteriaceae 
Bacteroidaceae 
Prevotellaceae 
Cryomorphaceae 
Flavobacteriaceae 
Saprospiraceae 
Caldilineaceae 
Cyanobacteria;subsI;famI 
Cyanobacteria;subsII;famII 
Cyanobacteria;subsIII;famI 
Bacillaceae 
Staphylococcaceae 
Carnobacteriaceae 
Enterococcaceae 
Lactobacillaceae 
Streptococcaceae

Actinomycetaceae
Bifidobacteriaceae
Corynebacteriaceae
Corynebacteriales;Other
Micromonosporaceae
Propionibacteriaceae
Pseudonocardiaceae
Actinobacteria;Other
Rubrobacteriaceae
Bacteroidaceae
Prevotellaceae
Cryomorphaceae
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A re-analysis of the sequences using a different strategy (UCLUST algorithm [38] with 97% similarity 

threshold) was subsequently carried out to characterize the composiOonal specificiOes of the limpet DG 

microbiome at the aquaculture and control site in the context of their respecOve marine metacommuniOes. 

The 97%-similarity threshold allowed us to obtain cluster of sequences (OTUs), possibly ascribable to small 

groups of species, that could play specific ecological roles within and across the analyzed ecosystems. 

Among the obtained 97%-similarity OTUs we filtered those detected with a relaOve abundance > 0.5% in at 

least one microbiome sample type (limpets, seawater, sediments and fish gut, gills and skin). The resulOng 

subset of 192 OTUs was used for the producOon of ternary plots to highlight the OTUs ecological propensity 

toward the different local microbial communiOes (Figure 18A-C). While for the control site a single ternary 

plot was generated (Figure 18A), considering local water, sediments and the DG from limpets, for the 

aquaculture site two ternary plots were created, the first matching the one from the control site (Figure 

18B) and the second in which seawater was subsOtuted by S. aurata as the source ecosystem (Figure 18C). 

Furthermore, 50 OTUs showing a significantly different relaOve abundance in the DG microbiome from 

individuals collected at the aquaculture and control sites were idenOfied (FDR-corrected Wilcoxon rank-sum 

test, p-value ≤ 0.05). Among these, 22 OTUs were more abundant in the control site (colored in purple in 

Figure 18A) whereas 28 OTUs showed a significant opposite trend (in purple in Figures 18B and C). The 

highest alignment scores against NCBI 16S rRNA database of these OTUs are reported in Supplementary 

Table S2. 

Focusing on the 50 OTUs differenOaOng the limpet DG microbiome at aquaculture and control sites, the 

majority of those enriched in the la`er were exclusive of limpets (plo`ed at the “P. caerulea” vertex in 

Figure 18A) (OTUs 4667, 11135, 4454, 12220, 1496, 4069, 4330, 14127, 5331, 14154, 3304, 11232, 11155, 

14091, 11445, 3555 and 4234). These OTUs were assigned to species typically isolated from marine 

environment (e.g., species belonging to genera Fodinicurvata, Rubinisphaera, Roseibacillus) (Yoon et al., 

2005; Infante-Dominguez et al., 2015; Ferreira et al., 2016; Kallscheuer et al., 2020) or from marine 

organisms, such as Amorphus coralli, firstly isolated from coral mucus (Yosef et al., 2008). Other OTUs 

characterizing the DG from the limpets collected at the control site, such as OTU5034 (genus Robiginitalea), 

OTU2911 (Ac,bacter) and OTU2120 (Photobacterium), were shared between limpets and sediments 

(plo`ed along the bo`om plane of the ternary plot), whereas OTU2289 (Psychrobacter) was shared 

between limpets and water, with higher relaOve abundance in the la`er (closer to the “Seawater” vertex in 

the ternary plot). Finally, OTU1355 (Prochlorococcus) was shared among all three ecosystems, with a higher 

proporOon in seawater. Similar to what observed for the control site, the majority of OTUs characterisOc of 

the limpets DG microbiome at the aquaculture site were exclusive of limpets (OTUs 4187, 11247, 11243, 

11205, 6912, 5244, 4203, 2259, 4097, 2073, 12731, 11913, 4065, 4965, 2118, 2077, 2154, 11213, 1397, 

11152, 4465, 4305, 6020, 3237 and 6006). Amongst these OTUs, four were assigned to the genus 

Mycoplasma, one to Vibrio and one to Acinetobacter, potenOal human pathogens found in marine 

organisms (Fraser et al., 1995; Wang et al., 2010; Abdel-Aziz et al., 2013; Sohn et al., 2019; Kuebutornye et 

al., 2020). Within the remaining OTUs characterizing the DG microbiome from limpets living in aquaculture 

proximity, we only found one OTU shared between limpets and sediments (OTU14234, belonging to the 

genus Sulfurovum), mainly present in sediments. Two OTUs were shared between limpets and seawater in 

the aquaculture site (OTU1919 and OTU2080, assigned to Staphylococcus and Psychrobacter, respecOvely), 
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with a higher relaOve abundance in limpet. Finally, limpets and farmed fishes shared four out of the 28 

OTUs characterisOc of the limpets DG microbiome at the aquaculture site, of which two more present in fish 

(OTU1919, Staphylococcus, and OTU6020, Pseudomonas) and two enriched in limpets (OTU12731, 

Sphingomonas, and OTU2080, Psychrobacter) (Figure 18B and C). Of these four OTUs, OTU1919 and 

OTU12731 were present at low relaOve abundance in all fish Ossues, whereas OTU2080 specifically 

belonged to the ecosystem and OTU6020 was more abundant on the skin of fishes (Figure 18D). 

Discussion 

Monitoring and preservaOon of coastal marine ecosystems are pivotal for the maintenance of the ecological 

and economical services that these environments provide, such as habitat provision, nutrient cycling, 

protecOon of the coast itself, and food provision through fishery and farming (Liquete et al., 2013; 

Trevathan-Tacke`, et al., 2019). Aquaculture provides a relevant contribuOon to the food economy of 
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Figure 18 - Impact of aquaculture cage proximity on P. caerulea microbiome at 97% similarity OTUs level. (A, B, C) 

Ternary plots of all OTUs detected in the dataset with relaOve abundance > 0.5% in at least one sample. Each circle 

represents one OTU and the size is proporOonal to the weighted relaOve abundance. The posiOon of each circle in 

the graphs represents its propensity toward the different ecosystems at the edges. (A) Purple circles represent the 

22 OTUs whose mean relaOve abundance was significantly higher in the P. caerulea control site (FDR-corrected 

Wilcoxon rank-sum test, p-value ≤ 0.05). (B, C) Purple circles represent the 28 OTUs whose mean relaOve abundance 

was significantly higher in the P. caerulea aquaculture site (FDR-corrected Wilcoxon rank-sum test, p-value ≤ 0.05). 

(D) The heatmap represents the differenOal distribuOon of the OTUs shared between P. caerulea and farmed sea 

breams in the fish ecosystems (gut, gills and skin).



Mediterranean countries. However, similarly to most of the human food producOon acOviOes, mariculture 

influences environmental condiOons in the surrounding water column, as evidenced by the decline in 

seawater pH and subsequent shi^s in carbonate-bicarbonate equilibria highlighted in the current study 

(Supplementary Table S3), with direct and indirect impacts on marine biota (Grigorakis and Rigos, 2011). 

ParOcularly, the health and funcOonality of the marine and coastal ecosystems are Oghtly linked to the 

resident environmental microbiomes, as well as to the ones associated with local holobionts. However, 

research focused on the impact of marine aquaculture on the coastal marine microbiomes is sOll in its 

infancy. While a considerable amount of work has been performed to assess the impact of aquaculture 

pracOces on the underlying seafloor microbial communiOes (Luna et al., 2013; Hornick and Buschmann, 

2018; Ape et al., 2019; Moncada et al., 2019; Rubio-PorOllo et al., 2019; Shi et al., 2019; Zhang et al., 2020), 

very few preliminary data have been provided linking the presence of fish farming cages to variaOons in the 

microbiome of benthic organisms living in close proximity (Baquiran and Conaco, 2018). In this scenario, we 

explored the impact of gilthead sea bream cage farming in the Licata harbor, Sicily, Italy, on the microbiome 

of locally dwelling wild species, by using a commonly found grazer gastropod (the limpet Patella caerulea) 

as a representaOve organism. In parOcular, we explained the variaOons of the limpet DG microbiomes at the 

aquaculture and control sites in the context of parallel changes in the local marine metacommuniOes, 

including water, sediments and farmed fish microbiomes. 

In spite of being a crucial keystone species in coastal environments, very li`le informaOon is available on the 

microbiome of limpets up to now, with the excepOon of a first exploraOon of the microbiome of P. pellucida, 

a prevalently AtlanOc species that mostly parasiOzes brown algae stems (Dudek et al., 2014). Consistently, 

the DG microbiome of P. caerulea analyzed in our work was dominated by Proteobacteria, but the most 

abundant class was Alphaproteobacteria instead of Betaproteobacteria, as reported for P. pellucida. 

Differences in proteobacterial classes could be related to several factors, including the different sustaining 

strategy of the two Patella species (with P. caerulea grazing on hard material algal coverage vs. P. pellucida 

parasiOzing a single algal species), as well as the different environmental condiOons characterizing the 

sampling areas (warm, shallow Mediterranean waters vs. AtlanOc cold water). Also, while P. pellucida 

harbored a large amount of Firmicutes, the second most abundant phylum in P. caerulea was 

Planctomycetes. The DG microbiome of P. caerulea was significantly different from the microbiomes in the 

surrounding environment (water and nearby seafloor samples), confirming previous studies on aquaOc 

holobionts and their ability to operate a non-neutral selecOon process of microbes from the surrounding 

environment (Pita et al., 2018; Cleary et al., 2019; Wilkins et al., 2019; Biagi et al., 2020). 

In our work we were successful in demonstraOng that limpets dwelling in proximity of aquaculture cages 

harbored a different DG microbiome compared to gastropods of the same species collected on distant rocky 

shores. Such difference was already evident when looking at the microbiome phylogeneOc structure at 

phylum level, with Tenericutes largely abundant in samples collected on the cages, whereas samples from 

the rocky shores were enriched in Verrucomicrobia. Frequently in cooperaOon with Planctomycetes (Sizikov 

et al., 2020), members of Verrucomicrobia are capable of processing decaying organic materials and 

polysaccharides (Cabello-Yeves et al., 2017; Sichert et al., 2020). Several studies have highlighted their 

symbioOc lifestyle in marine invertebrates with recent findings showing metabolic adaptaOons enabling a 

more efficient uOlizaOon of specific carbon sources present in the host (King et al., 2012; Cleary et al., 2019; 
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Sizikov et al., 2020). However, we observed that the proximity to the aquaculture site was associated with 

the reducOon of the Verrucomicrobia uncultured family DEV007 in the limpet microbiome of limpets. 

DEV007 is a marine group of bacteria recently pointed out as parOcularly sensiOve to metal polluOon in 

surface waters and marine sediments (Cornall et al., 2016; Baltar et al., 2018). Its decrease in limpets 

growing in adhesion to the aquaculture cage might be related to the increase in heavy metal accumulaOon 

that o^en accompanies aquaculture pracOces (Grigorakis and Rigos, 2011), and which can indirectly affect 

the most sensiOve species in the microbiome of nearby wild organisms. Conversely, among the discriminant 

OTUs enriched in the microbiome of limpets collected on the aquaculture cage, we could find two OTUs 

putaOvely assigned to environmental bacteria that are instead reported as able to tolerate heavy metal 

polluOon, namely Acinetobacter guillouie and Mesorhizobium camelthorni (Ontañon et al., 2018; Lamin et 

al., 2021). 

Beside heavy metal contaminaOon, the accumulaOon of organic ma`er on the seafloor beneath fish cages is 

considered one of the major impacts of aquaculture and may lead to a consequent depleOon in oxygen 

availability in sediments, as well as to an increase in toxic products, such as sulphide and ammonium. 

Several studies have reported on the occurrence of sulfidobacteria in aquaculture, or nearby water, 

highlighOng the potenOal importance of this taxa in the sulfur cycling within these systems (Duarte et al., 

2019). Another bacterial species thriving in highly sulfidic fish-farm sediments is Sulfurovum lithotrophicum, 

a chemolithoautotroph ε-Proteobacteria able to use S0 or S2O32— as electron donors and O2 or NO3— as 

electron acceptors. S. lithotrophicum bacteria have been isolated in sediments from the oxic-anoxic 

interface where sulfides meet oxygenated seawater (Choi et al., 2018). The retrieval of higher relaOve 

abundances of OTU4065, assigned to Sulfitobacter, and OTU14234, belonging to the genus Sulfurovum, in P. 

caerulea individuals from the aquaculture site, as well as the observed sharing of the la`er OTU with the 

aquaculture sediments, is in line with these previous findings, suggesOng that the microbiome of locally 

dwelling holobionts might respond to environmental changes caused by the aquaculture pracOce (Cleary et 

al., 2019), i.e., heavy metal and sulphide accumulaOon, through the selecOon of environmental 

microorganisms allowing adapOve responses. Moreover, it was also shown that Sulfitobacter species might 

also have an inhibitory acOvity towards Vibrio anguillarum, an important fish pathogen (Sharifah and 

Eguchi, 2012). Thus, it is tempOng to hypothesize that limpets might be pushed to select this parOcular 

bacterial group within their microbiome as a protecOve agent towards pathogens potenOally enriched in the 

aquaculture site.  

In relaOon to this, the possible pathogen flow from farmed to wild organisms in mariculture has been 

pointed out as an unavoidable problem of this parOcular aquaculture pracOce. Mollusks and other non-fish 

scavengers persist in the vicinity of sea cages for longer period than wild fishes, making them a target for 

pathogen transfer (Grigorakis and Rigos, 2011). We found that Mycoplasmataceae, the most abundant 

family within the phylum Tenericutes, tended to be more abundant in the DG microbiome from the limpets 

dwelling on the cages. ParOcularly, an OTU assigned to the genus Mycoplasma was the most relevant 

discriminaOng OTU between P. cearulea DG specimens taken at the two sites. Considering that many 

Mycoplasma species are parasiOc or pathogenic to humans and other animals (Fraser et al., 1995; Feldman 

et al., 2006), these findings, together with the detecOon of OTUs assigned to potenOal fish pathogens from 

the genera Vibrio and Acinetobacter (Wang et al., 2010; Abdel-Aziz et al., 2013; Sohn et al., 2019; 
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Kuebutornye et al., 2020) as significantly most abundant in the DG microbiome from the limpets at the 

aquaculture cages, confirm that pathogen transfer between farmed fishes and wild limpets is possible. 

However, it must also be pointed out that Tenericutes, and parOcularly Mycoplasma, have been consistently 

observed as abundant, core members of several aquaOc organisms’ microbiome, mainly including bivalves, 

where they exhibit commensalism (Pierce, 2016; Aceves et al., 2018; Pierce and Ward, 2018 and 2019; 

Mathai et al., 2020; Marzocchi et al., 2021). A possible involvement in mutually beneficial interacOons with 

the host - likely by assisOng an efficient processing of complex organic compounds, abundant at aquaculture 

sites - is being progressively assumed (Fraune and Zimmer, 2008; Holm and Heidelberg, 2016; Marzocchi et 

al., 2021) and corroborates the idea of a possible role of fouling organisms in reducing the environmental 

impact of aquaculture (Montalto et al., 2020). Since the OTUs assigned to the genera Mycoplasma, Vibrio 

and Acinetobacter enriched in the DG microbiome from P. caerulea at the aquaculture site were not 

detectable in farmed fish samples and no disease was reported at the fish farming plant at the moment of 

sampling, we could hypothesize that relaOonships like commensalism, rather than parasiOsm or 

pathogenicity, occurred between P. caerulea and OTUs belonging to these genera. However, their detecOon 

in DG microbiomes from aquaculture sOll poses quesOons on their possible spread in the surrounding 

environment, in the nearby wild organisms as well as to humans, to which they are pathogens. 

We also found two OTUs (12731 and 11913) assigned to the Sphingomonas genus, shared between limpets 

and fish, which were significantly more abundant in limpets at the aquaculture site. Sphingomonas is a 

bacterial genus commonly found in fish skin (Minich et al., 2020) and gut microbiome, and in farmed sea 

breams specifically, as reported by Floris et al. (2013) and Estruch et al. (2015). In parOcular, Sphingomonas 

has been reported as part of the fish beneficial microbiota (Legrand et al., 2020), and strains of this genus 

isolated from the gut microbiome of gilthead sea bream exhibited anObacterial acOvity against fish 

pathogens, such as Vibrio alginoly,cus and Photobacterium damselae (Floris et al., 2018). It is thus 

tempOng to speculate that the observed enrichment in these microorganisms in the DG microbiome of P. 

caerulea growing in the aquaculture site represents a protecOve feature, resulOng from an adapOve 

selecOon of protecOve microbiome components from the farmed fish. 

The study presented here has a preliminary nature and it cannot be excluded that our findings might 

specifically related to the considered model (i.e., the selected fish species, the selected wild grazing 

organism as well as the specific Licata harbor environment). However, it represents a successful applicaOon 

of an unprecedented approach, by considering a locally dwelling holobiont, i.e., the limpet, as a “proxy” for 

the pervasive effects that aquaculture cages can exert on wild life. Indeed, even if confirmaOon on different 

temporal and spaOal scales are sOll needed, our results support the hypothesis that aquaculture impacts 

the surrounding microbial communiOes, not only the ones from underlying sediments, but also the 

microbiome of locally dwelling wild holobionts. According to our data, this seems to happen either directly, 

through the transfer of microorganisms from the farmed fish microbiomes to the microbiomes of local wild 

holobionts, and indirectly, with the aquaculture pracOce changing the chemical condiOons of the 

environment, resulOng in the selecOon of specific microbiome components in the local marine 

metacommuniOes. Changes in P. caerulea DG microbiome in individuals growing at the aquaculture site 

involve the loss of several microorganisms assigned to bacteria commonly found in wild marine organisms, 

as well as the concomitant acquisiOon of potenOal fish and human pathogens and parasites, resulOng in an 

 of 59 126



overall significantly lower ecosystem biodiversity. Even if these features generally mirror dysbioOc changes, 

we were also able to observe possible adapOve microbiome variaOons, showing the inherent potenOal of 

holobiont microbiomes in enabling host adaptaOon to the changing environment, including changes 

resulOng from marine aquaculture pracOces. Our study demonstrates the impact of using wider 

metacommunity approaches through the use of sedentary organisms as a proxy for metacommunity 

changes. Future studies may assess the viability and efficacy of other sedentary organisms that dwell on 

aquaculture cages (e.g., bivalves, tunicates polychaetes and fouling algae) to assess changes to different 

components of an ecosystem created by human acOvity, possibly using a longitudinal approach along the 

aquaculture producOve cycles. 
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2.6 Study IV — FuncOonal and taxonomic shi^s of bacterial communiOes associated with mucus, Ossue and 

skeleton of the coral Balanophyllia europea living along a natural CO2 gradient 

IntroducEon 

ScleracOnian corals live in close associaOon with a diverse array of phylogeneOcally disparate 

microorganisms, including endocellular photoautotrophic dinoflagellate symbionts (belonging to the 

Symbiodiniaceae family) and complex communiOes of bacteria, archaea, viruses, and unicellular eukaryotes 

(i.e., microbiomes). Indeed, each coral anatomic compartment (i.e., surface mucus, so^ Ossue, and 

skeleton) consOtutes a microhabitat characterized by specific condiOons supporOng different micro-

ecosystems (Vanwonterghem and Webster, 2020). The consorOum of coexisOng pluri- and unicellular 

organisms is termed “coral holobiont” and acts as a single enOty to maintain organismal funcOon under 

varying environmental condiOons (Goulet et al., 2020; Voolstra and Ziegler, 2020). Indeed, complex bacteria 

communiOes inhabiOng coral mucus, Ossue, and skeleton exert a crucial role in ensuring the health and 

survival of the coral as they provide their host with a variety of funcOons, such as assistance in recovering 

and recycling of nutrients (carbon, nitrogen and sulfur, but also vitamins and essenOal amino acids), 

protecOon against pathogens invasion, and producOon of chemicals that drive larval se`lement (McDevi`-

Irwin et al., 2017; McFall-Ngai et al., 2013; Morrow et al., 2012; O'Brien et al., 2018; Rohwer et al., 2001 and 

2002; Rosenberg et al., 2007). 

Besides being Oghtly related to the host phylogeny, the composiOon and metabolism of coral microbiomes 

change temporally (across seasons and along coral lifespan), spaOally (across the compartments defined by 

the coral anatomy), and in response to environmental variaOons (Dunphy et al., 2019; van Oppen and 

Blackall, 2019; Vanwonterghem and Webster, 2020). Shi^s in coral microbiome composiOon in response to 

environmental changes may affect the co-metabolic networks, possibly contribuOng to the acclimaOzaOon 

of coral holobiont. Indeed, microbial communiOes as a whole have the possibility to acclimaOze faster than 

their metazoan host to environmental changes, thanks to their greater geneOc diversity, shorter 

generaOonal Ome, and remarkable metabolic potenOal (Bourne et al., 2016; Torda et al., 2017). Such 

propensity for a fast response to environmental changes has been invesOgated as possibly involved in the 

acclimaOzaOon and adaptaOon of coral holobiont to climate change-related phenomena, such as ocean 

warming and ocean acidificaOon (OA) (Stocker et al., 2013; Rosenberg et al., 2007; Torda et al., 2017; 

Voolstra and Ziegler, 2020; Putnam, 2021).  

Ocean acidity has increased worldwide by 25–30% (0.1 pH units) since the beginning of the nineteenth 

century, and it is expected to drop by a further 0.29 pH units by 2080-2100 (Stocker et al., 2013; Bindoff et 

al., 2019). OA is expected to alter the survival, growth, and reproducOon of key components of marine 

ecosystems, especially calcifying species (Hoegh-Guldberg et al., 2017), both at microbial and mulOcellular 

levels (Kroeker et al., 2010; Ga`uso et al., 2015; Yu and Chen, 2019). Thus, it is of outmost importance, for 

projecOng ecological processes in the forthcoming oceans, to understand how OA will affect the 

microbiome of important ecosystem forming organisms such as corals (Ingrosso et al., 2018). In this context, 

natural underwater CO2 seeps represent a precious study system to understand how corals will respond to 

OA (Hassenrück et al., 2016; Tangherlini et al., 2021). The Mediterranean Sea, which will likely be one of the 

most affected seas by climate change (Lejeusne et al., 2010), hosts naturally acidified shallow sites with 
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relaOvely stable underwater CO2 emission at ambient temperature with no detecOon of toxic compounds, 

that have been recognized as fundamental study models for OA (Teixido et al., 2020; Goffredo et al., 2014; 

Fantazzini et al., 2015).  

To date, few studies have explored coral microbiome variaOons in natural coral populaOons at CO2 seeps 

(Morrow et al., 2015; O'Brien et al., 2018; Kenkel et al., 2018; Biagi et al., 2020; Shore et al., 2021), showing 

different microbiome responses depending on the host species. For instance, at natural CO2 seeps in Papua 

New Guinea, the endolithic community associated with massive Porites spp. does not change with pH 

(Marcelino et al., 2017; O’Brien et al., 2018), while large shi^s in Ossue-associated bacterial communiOes 

were found in Acropora millepora and Porites cylindrica (Morrow et al., 2015). Indeed, as recently 

highlighted by Shore and colleagues (2021), the response to decreasing pH of the microbiome associated 

with Porites corals seems to be species-specific and does not reflect a breakdown in bacteria-host 

symbiosis. In the Mediterranean coral Astroides calycularis growing at the Ischia CO2 vents, the mucus-

associated microbiome was more affected by acidificaOon than so^ Ossue and skeleton, with a general 

increase in subdominant bacterial groups with OA, some of which may be involved in the nitrogen cycle 

(Biagi et al., 2020). 

The target species of the present study is the solitary Mediterranean coral Balanophyllia europaea that 

naturally lives along a pH gradient generated by an underwater volcanic crater located close to Panarea 

Island (Italy). B. europaea is a temperate, zooxanthellate, scleracOnian coral, widespread in the 

Mediterranean Sea, where it thrives on rocky substrates at a depth of 0-50 m (Goffredo et al., 2007). 

PopulaOons of this simultaneous hermaphrodite and brooding coral (Goffredo et al., 2002) naturally 

growing along the CO2 gradient are less abundant, less stable and decrease their net calcificaOon rate with 

OA, while preserving their linear extension rate at the expense of skeletal bulk density, which strongly 

decreases (Goffredo et al., 2014; Fantazzini et al., 2015; Caroselli et al., 2019). Coral skeletons of B. 

europaea become more porous and less resistant to breakage as pH decreases, while nanoscale properOes 

of calcium carbonate crystals are preserved (Fantazzini et al., 2015).  

To date, the majority of the studies aiming at understanding the involvement of coral microbiomes in 

acclimaOzaOon to future acidified water condiOons were focused on tropical and subtropical corals 

(Webster et al., 2016; Okazaki et al., 2017; O'Brien et al., 2018; Klein et al., 2021). However, temperate 

species, such as B. europaea, might represent a model for more pronounced acclimaOzaOon capability, 

being exposed to a twice as high range of seasonal temperature fluctuaOons and intrinsically more capable 

to accommodate environmental variaOons (Maor-Landaw et al., 2017). Here, we focus on the bacterial 

component of the B. europaea holobiont and on the variaOons in the metabolic potenOal of the microbial 

communiOes residing in surface mucus, so^ Ossue, and skeleton to the decreasing pH. The CO2 seep near 

Panarea Island (Italy) from which samples were taken is an underwater crater at 10 m depth releases 

persistent gaseous emissions (98–99% CO2 without instrumentally detectable toxic compounds), resulOng in 

a stable pH gradient at ambient temperature that has been characterized in detail (Goffredo et al., 2014; 

Fantazzini et al., 2015; Prada et al., 2017). Sampling sites along this gradient match mean pH values 

projected for 2100 under different IPCC scenarios (Chen et al., 2021). Our approach, combining both 16S 

rRNA sequencing and shotgun metagenomics, allowed to highlight geneOc funcOons included in the 
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microbial metagenome, their changes in coral holobionts acclimaOzed to different OA levels under natural 

condiOons, and possible bacteria-related acclimaOzaOon processes. 

Materials and methods 

Samples collecOon 

Nine coral specimens were haphazardly collected in July 2019 along a pH gradient at a CO2 seep near 

Panarea Island (Italy) by SCUBA divers using a hammer and chisel and placed in plasOc containers. Mucus 

was collected using co`on swabs on individual polyps immediately upon coral sampling (Biagi et al., 2020). 

At each site, close to corals collecOon point, three sediments (one for each site) were sampled in 50mL 

falcon tubes using a small shovel, and seawater was collected with sterile plasOc bo`les (2L per site). All 

samples were transported in ice to the laboratory and frozen at -80 °C unOl further processing. 

Coral specimens processing and DNA extracOon 

Coral samples were processed to separate the different coral compartments (mucus, Ossue, and skeleton) 

using standard protocols (Apprill et al., 2016; Rubio-PorOllo et al., 2016; Biagi et al., 2020). Briefly, for mucus 

samples, the co`on Op of each swab was transferred into a 2 mL Eppendorf tube to which 500 μL of sterile 

arOficial seawater (NaCl 450 mM, KCl 10 mM, CaCl2 9 mM, MgCl2·6H2O 30 mM, MgSO4·7H2O 16 mM, pH 

7.8) were added. Samples were vortexed for 1 min and sonicated for 2 min, repeaOng these steps twice and 

finally vortexing for 1 min. Co`on swabs were then transferred in a new 2 mL Eppendorf tube and the 

process was repeated. Finally, co`on swabs were discarded and the suspensions of the same samples were 

joined and centrifuged at 9000 g for 5 min at 4 °C. Pellets were then stored at −80 °C unOl further 

processing. We processed each coral specimen by mechanical fragmentaOon using an agate mortar to 

separate coral so^ Ossue and carbonate skeletal matrix. Coral specimens were transferred into the mortar 

using sterile forceps and fragmented with the pestle with 10 mL of sterile arOficial seawater (Biagi et al., 

2020). Fragmented samples were transferred into a 250 mL beaker and an addiOonal 20 mL of arOficial 

seawater was used to wash the mortar and pestle from residues. The homogenates were incubated at RT 

for 15 minutes to allow skeletal fragments to se`le. A^erwards, the suspension containing coral Ossue was 

collected and transferred into two 15 mL tubes. Both tubes were centrifuged for 15 min at 9300 g at 4 °C to 

pellet the coral Ossue fracOon. The pellets were stored at -80 °C unOl further processing. For the skeletal 

fracOon, skeleton samples were washed three Omes with 10 mL of arOficial seawater with an incubaOon of 

7 min at RT a^er each washing to allow the fragments to se`le. A^er discarding the supernatant, skeletal 

fragments were collected and transferred into a 2 mL Eppendorf tube and kept frozen at -80 °C unOl further 

processing. 

Total bacterial DNA was extracted from each sample using the DNeasy PowerBiofilm Kit (Qiagen, Hilden, 

Germany) (Palladino et al., 2021). About 0.1-0.2 g of skeleton samples were weighted and transferred into a 

PowerBiofilm Bead Tube before being resuspended in 350 mL of MBL soluOon. Mucus and Ossue pellets 

were instead resuspended in 350 mL of MBL soluOon first and then transferred into a PowerBiofilm Bead 

Tube. Extracted DNA samples were quanOfied with NanoDrop ND-1000 (NanoDrop Technologies, 

Wilmington, DE, USA) and stored at -20 °C unOl further processing. 

Environmental samples processing and DNA extracOon 
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Each 2L of seawater sample was processed via vacuum filtraOon under sterile condiOons using MF-Millipore 

(Darmstadt, Germany) membrane filters with 0.45-μm pore size, 47-mm diameter and mixed cellulose 

esters membrane. Each membrane filter was folded using sterilized forceps and placed into a PowerWater 

DNA Bead Tube and then stored at -80 °C unOl further processing. Seawater microbial DNA extracOon was 

carried out using the DNeasy PowerWater Kit (Qiagen, Hilden, Germany) following the manufacturer’s 

instrucOons. 

Finally, 0.25-0.35 g of sediment samples was weighted into PowerBead Tubes and total bacterial DNA was 

extracted using the DNeasy PowerSoil Kit (Qiagen, Hilden, Germany) following the manufacturer’s 

instrucOons. 

Environmental DNA samples were quanOfied using NanoDrop ND-1000 (NanoDrop Technologies, 

Wilmington, DE, United States) and stored at -20°C unOl further processing. 

16S rRNA gene amplificaOon and sequencing 

PCR amplificaOon of the V3-V4 hypervariable region of the 16S rRNA gene, library preparaOon and 

sequencing were performed as described in paragraph 2.2. 

Bacterial DNA enrichment, library preparaOon and shotgun sequencing 

Coral DNA samples were subjected to a further processing for shotgun sequencing. Microbial DNA extracted 

from skeleton and Ossue was enriched with the NEBNext Microbiome DNA Enrichment Kit to maximize the 

protocol efficiency (Feehery et al., 2013) following manufacturer’s instrucOons. Both enriched DNA and 

total microbial DNA from mucus samples was quanOfied using Qubit fluorometer (Invitrogen, Waltham, MA, 

USA) and DNA libraries were prepared using the QIAseq FX DNA library kit (Qiagen, Hilden, Germany) in 

accordance with the manufacturer’s instrucOons. Briefly, 100 ng of each DNA sample were fragmented to a 

450-bp size, end-repaired, and A-tailed using FX enzyme mix with the following thermal cycle: 4°C for 1 min, 

32°C for 8 min, and 65°C for 30 min. Adapter ligaOon was performed by incubaOng DNA samples at 20 °C for 

15 min in the presence of DNA ligase and Illumina adapter barcodes. Following, a first purificaOon step with 

Agencourt AMPure XP magneOc beads (Beckman Coulter, Brea, CA, USA), library amplificaOon with a 10-

cycle PCR amplificaOon and a further step of purificaOon were performed. Samples were pooled at 

equimolar concentraOons of 4 nM to obtain the final library. Sequencing was performed on an Illumina 

NextSeq plakorm using a 2 x 150-bp paired-end protocol, following the manufacturer’s instrucOons 

(Illumina, San Diego, CA, USA). 

BioinformaOcs and biostaOsOcs 

For the 16S rRNA gene analysis, aw sequences for a total of 33 samples were processed as described in 

paragraph 2.2. 

For the shotgun sequencing analysis, raw reads for a total of 27 samples were filtered for PCR duplicates 

with Picard tool (EsOmatedlibraryComplexity) (Toolkit, 2019). Next, TrimmomaOc (v. 0.39) (Bolger et al., 

2014) was adopted to remove adapters and low-quality bases, se�ng a minimum quality of 20, with reads 

length ranging from 35 to 151 bp. Fastqc was then applied to examine the quality of the reads prior and 

a^er the reads pre-processing steps (Andrews, 2010). Megahit was used to generate a co-assembly of all 

the 27 samples, se�ng a kmer list of 21, 41, 61, 81 and 99 (Liu et al., 2015). EukRep (v. 0.6.6) (West et al., 

2018) was adopted to classify the conOgs in prokaryoOc and eukaryoOc bins. The reads mapping to the 
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eukaryoOc bin (BowOe2, v. 2.3.5) (Langmead and Salzberg, 2012) were idenOfied with Samtools (v 1.9) (Li et 

al., 2009) and eliminated from each sample (BBMap v. 38.22 ). The taxonomic classificaOon, at family, 18

genus and species level was obtained with Kaiju (v. 1.7.0) (Menzel et al., 2016), with greedy mode, match 

length and match score of 11 and 65 respecOvely and considering both the paired and unpaired reads for 

each sample. Next, we performed reads funcOonal annotaOon via MetaCV (v. 2059) (Liu et al., 2013), 

obtaining KO numbers and their associated KEGG pathway at different funcOonal levels. For each KO, the 

associated reads were retrieved, and their corresponding taxonomic annotaOon was collected as obtained 

from Kaiju. FuncOonal analysis at KO level was also performed by idenOfying increasing or decreasing trends 

for genes in samples at different condiOons, considering the prevalence of genes among the three replicates 

from the same site. 

Processed reads for 16S rRNA sequencing and for metagenomic sequencing are openly available in 

European NucleoOde Archive (ENA), reference number PRJEB48073. 

All staOsOcal analyses were performed using the R so^ware , version 3.6.1, with the packages “Made4” 19

(Culhane et al., 2005) and “vegan ”. Beta diversity was esOmated by compuOng the Bray-CurOs distance 20

and the data separaOon in the Principal Coordinates Analysis (PCoA) was tested using a permutaOon test 

with pseudo-F raOos (funcOon “adonis” in the vegan package). Wilcoxon rank-sum test was used to assess 

differences between replicates taken at different sites. P-values were corrected for mulOple tesOng using 

the Benjamini–Hochberg method, with a false discovery rate (FDR) ≤ 0.05 considered staOsOcally significant. 

A procrustean randomized test (funcOon “protest” in the vegan package) was performed to highlight a 

significant associaOon between the taxonomic and funcOonal profiles on the microbiome across the enOre 

dataset. 

Results 

Nine specimens of the coral Balanophyllia europaea, 3 sediment samples and 3 seawater samples were 

collected in July 2019 from three sites (3 coral individuals per site and 2 environmental samples per site, 

respecOvely) along a pH gradient at a CO2 seep near Panarea Island (Italy). Site 1 (control) mean total scale 

pH (pHTS) is 8.07, corresponding to surface pH of modern oceans; Site 2 (moderate acidificaOon) mean pHTS 

is 7.87, aligning with a conservaOve IPCC CO2 emission scenario (SSP2-4.5); Site 3 (high acidificaOon) mean 

pHTS is 7.74 and it is aligned with a worst-case IPCC scenario (SSP3-7.0). Coral samples were processed to 

separate the 3 different compartments (mucus, so^ Ossue, and skeleton), obtaining 27 coral samples (Table 

2). 

 h`p://sourceforge.net/projects/bbmap/18

 R Core Team; www.r-project.org19

 h`ps://cran.r-project.org/web/packages/vegan/index.html20
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Table 2 - Summary of B. europaea and environmental samples and features of the sampling sites.Table 1 - Summary of B. europaea  and environmental samples and features of the sampling sites.

Sampling site mean pH Individuals Mucus Soft tissue Skeleton Seawater Sediments
Site 1 (control) 8.07 3 3 3 3 1 1
Site 2 (mild acidification) 7.87 3 3 3 3 1 1
Site 3 (high acidification) 7.74 3 3 3 3 1 1

Total 9 9 9 3 3 33

Environmental samplesEnvironmental parameters B. europaea  samples



The microbiome composiOonal structure of the total 33 samples was obtained by NGS sequencing of the 

V3-V4 hyper variable region of the 16S rRNA gene, resulOng in 298,545 high-quality reads with an average 

of 9,046 ± 3,764 reads per sample. High-quality reads were binned into 8,007 Amplicon Sequence Variants 

(ASVs). Shotgun sequencing analysis was then applied on the 27 coral samples. A total of 179,644,167 

paired-end raw reads were generated, with an average of 6,653,487 ± 1,959,146 paired-reads per sample. 

A^er quality filtering, reads taxonomic classificaOon resulted in a total of 4,174,277 taxonomically assigned 

reads (average 154,602 ± 241,549 per sample). The reads funcOonal annotaOon per each sample yielded a 

total number of funcOonally classified reads of 72,222,759 (average 2,674,917 ± 3,028,259 per sample). 

Balanophyllia europaea overall microbial composiOonal structure across compartments and acidificaOon 

condiOons 

B. europaea mucus, Ossue and skeleton microbiomes consOtuted separate communiOes from those of the 

surrounding environment, in terms of phylogeneOc composiOon at genus level, as shown by the Principal 

Coordinate Analysis (PCoA) based on the Bray-CurOs distance based of 16S rRNA data (Figure 19A). 

SegregaOon of coral microbiomes was significant with respect to both seawater and sediment microbial 

communiOes (permutaOon test with pseudo-F raOo, p-value = 0.001), regardless of the coral compartment, 

although sediment and skeleton samples slightly overlapped on the PCoA plot. 

The microbiomes of the 3 coral compartments significantly differed among each other, in terms of 

phylogeneOc composiOon at the genus level, as observed by compuOng Bray-CurOs distances among 

samples using both 16S rRNA (Figure 19B) and shotgun metagenomic data (Figure 19C) (permutaOon test 

with pseudo-F raOo, p-value = 0.001 for both). Indeed, concordance between metagenomic and 16S rRNA 

data was highlighted by using a procrustean randomized test (“protest”) (p-value = 0.001). 

The composiOonal structure of the three compartments, as assigned using Kaiju on metagenomic data at 

phylum level (Supplementary Figure S9), was coherent with the available literature on the same coral 

species (Meron et al., 2012). In parOcular, Proteobacteria was the most abundant phylum in all coral 

compartments, with a prevalence of Alphaproteobacteria followed by Beta and Gammaproteobacteria, and 

with Bacteroidetes also listed among the dominant phyla. 

Microbiome composiOon of corals living at different pH condiOons along the Panarea gradient (i.e., at 

different distances from the crater) was assessed separately on the 3 anatomic compartments (Figures 19D 

to F). Microbial communiOes associated with mucus from corals taken at the control site (Site 1) and at both 

the acidified locaOons (Site 2 and 3) significantly differed in terms of composiOon, as shown by the 

separaOon in the PCoA based on Bray-CurOs distances among samples calculated using phylogeneOc data 

obtained from shotgun metagenomic (Figure 19D; permutaOon test with pseudo-F raOo, p-value = 0.03). 

Such significant differences were not observed among microbial communiOes from so^ Ossue and skeleton 

(Figures 19E and F, respecOvely). Confirming these data, the community composiOon at the family level in 

mucus samples showed some noOceable trends of increasing relaOve abundance in members of the family 

Burkholderiaceae and decreasing relaOve abundance in reads assigned to the family Rhodobacteraceae 

from Site 1 to Site 3 (Supplementary Figure S10) (Wilcoxon rank sum test of Site 1 compared to Site 2 and 3, 

p-value = 0.05 and 0.02 respecOvely). 
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Figure 19 - Overall microbiome composiEonal structure of B. europaea and the surrounding environment. 

Principal Coordinate Analyses (PCoAs) of the Bray-CurOs distances calculated on microbiome profiles at genus 

taxonomic level, obtained from 16S rRNA sequencing (A and B) and phylogeneOc assignaOon of metagenomic reads 

(C-F), describing different features of the available coral and environmental samples. The first and second principal 

components (PCo1 and PCo2) are plo`ed in all graphs and the percentage of variance in the dataset explained by 

each axis is reported. (A) PCoA based on 16S rRNA data showing the structure of B. europaea associated 

microbiomes (mucus samples, yellow squares; so^ Ossue samples, green circles; skeleton samples, grey triangles) 

compared to the surrounding environment (water samples, light blue diamonds; sediment samples, black reversed 

triangles) (permutaOon test with pseudo-F raOo, p-value = 0.001). (B) PCoA based on 16S rRNA data showing B. 

europaea microbiomes associated with the 3 different coral compartments (mucus in yellow, so^ Ossue in green, 

skeleton in gray) (permutaOon test with pseudo-F raOo, p-value = 0.001). (C) PCoA based on metagenomics data 

showing B. europaea microbiomes associated with the 3 different coral compartments (mucus in yellow, so^ Ossue 

in green, skeleton in gray) (permutaOon test with pseudo-F raOo, p-value = 0.001). (D) PCoA based on metagenomics 

data comparing B. europaea mucus microbiome in samples collected at different acidified condiOons. Samples are 

depicted as squares filled in shades of color from lighter (Site 1, control site, non-acidified) to darker yellow (Site 2, 

moderate acidificaOon, and Site 3, strong acidificaOon). PermutaOon test with pseudo-F raOo, Site 1 vs. Site 2 and 3 

together, p-value = 0.03. (E) PCoA based on metagenomics data comparing B. europaea microbiome associated with 

so^ Ossue compartment in samples collected at different acidified condiOons. Samples are depicted as circles filled 

filled in shades of colors from lighter (Site 1) to darker green (Site 2 and Site 3). PermutaOon test with pseudo-F 

raOo, Site 1 vs. Site 2 and 3 together, p-value ≥ 0.05. (F) PCoA based on metagenomics data comparing B. europaea 

microbiome associated with skeleton compartment in samples collected at different acidified condiOons. Samples 

are depicted as triangles filled in shades of color from white (Site 1) to light grey (Site 2) to dark grey (Site 3). 
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Gain and loss of metagenomic funcOons in Balanophyllia europaea living in acidificaOon condiOons 

To highlight changes associated with water acidificaOon on metabolic potenOal of the coral microbiome, in 

terms of gain and loss of geneOc funcOons, we focused at the level of KEGG orthologs (KO entries), i.e., 

groups of genes performing the same funcOon. StarOng from a dataset of over 3,000 assigned KO, we 

selected in each Ossue the KO entries showing a prevalence of 100% (i.e., detected in 3 out of 3 replicates) 

in the control site (Site 1) and 0% (i.e., none of the 3 replicates) in the highly acidified site (Site 3) or vice 

versa. The result of the analysis was a prevalence-based model for deriving funcOons that were under 

selecOon pressure by the different pH/pCO2 levels at the 3 sites. Indeed, through this reducOve approach, 

we were able to focus on microbial funcOons that were gained or lost in host grown under low pH/high 

pCO2 levels (Figure 20).  

In mucus and skeleton, a wide set of microbial genes underwent a rearrangement in the presence/absence 

profile of coral specimens collected at highly acidified condiOons, whereas in coral so^ Ossue a smaller 

number of KO entries showed a clear trend. Indeed, mucus and skeleton metagenomes showed a 

rearrangement in KOs assigned to proteins involved in transport systems and funcOons associated with the 

stress response. Coherently with recent studies showing rearrangements of the ion transport system in both 

tropical and temperate corals subjected to pH variaOons (Glazier et al., 2020; Strader et al., 2020), metals 

transporters (i.e., K11709 in mucus, K11707 and K04758 in skeleton) were lost in samples from the acidified 

sites, whereas other genes with similar funcOons appeared (i.e., K09820 in mucus).  Other transporters 

acquired by the microbiome of corals growing in acidified condiOons were the transporter ppdA (both in 

mucus and skeleton) (Tjalsma et al., 2000), two transporters connected to hisOdine kinase sensor protein 

(K07706 and K07777, in mucus) (Kabbara et al., 2019), a short chain fa`y acid transporter (K02106, in 

skeleton), and the bacterial outer membrane lipoprotein Blc (K03098, in skeleton), involved in transport of 

lipids for membrane maintenance (Campanacci et al., 2004).   

In the mucus metagenome, a group of funcOons that can be associated with stress response was 

consistently gained by corals growing in highly acidified condiOons: the mazE gene (K07172) is a toxin-

anOtoxin system acOvated during adverse environmental condiOons (Nikolic, 2019), the tyrosinase funcOon 

(K00505) can be involved in producOon of protecOve pigments during environmental stress (Pavan et al., 

2020; Contreras-Llano et al., 2019), the gluconate 2-dehydrogenase (K06151) is an enzyme showing pH 

dependence in the regulaOon of catabolism (Maurer et al., 2015), the pyrroloquinoline quinone (pqq) 

biosynthesis protein (K06136) synthesizes a redox cofactor for bacterial dehydrogenases under 

environmental stress condiOons (Naveed et al., 2016), the gene mmuM (K00547) is a homocysteine S-

methyltransferase previously found upregulated under osmoOc stress in corals (Aguilar et al., 2019), the 

gene rhaB (K00848) is a rhamnulokinase involved in the response to cell wall and membrane stress in 

bacteria (Bury-Moné et al., 2009). Moreover, the penicillin-binding protein B2 (K08724), which increased its 

prevalence in Ossue samples beside being acquired by mucus samples from the acidified site, is known for 

its involvement in polymerizaOon of pepOdoglycan (Zawadzka-Skomiał et al., 2006). Finally, the competence 

protein ComFA (K02240, gained by samples from acidified sites in both mucus and skeleton) has a role in 

DNA uptake during horizontal gene transfer (Chilton et al., 2017), which represents an adapOve stress-

response mechanism in different bacteria (Johnsen and Kroer, 2007). 
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Figure 20 - Prevalence-based model for deriving acidificaEon-related gain/loss of metagenomic funcEons.  KEGG 

orthologs (KO genes) List of KO entries (KEGG orthologs) in the metagenome obtained from the 3 B. europaea 

anatomic compartments (mucus, so^ Ossue, and skeleton) in different acidificaOon condiOons (S1, control site; S2, 

moderate acidificaOon; S3, high acidificaOon). KO genes showing a prevalence of 100% (i.e., detected in 3 out of 3 

replicates) in S1 and 0% (i.e., none of the 3 replicates) in S3 or vice versa, are reported, idenOfying funcOons lost or 

gained with acidificaOon, respecOvely. A heatplot with a color gradient corresponding to the number of replicates in 

which each KO is detected is provided (see legend top-right for color key). For each KO, listed with KO idenOficaOon 

number (le^), the KEGG descripOon is given on the right of the heatplot. KO entries are grouped by coherence of 

involvement in different physiological funcOons (i.e., genes classified as involved in transcripOonal regulaOon, 

membrane transport, membrane or cell wall funcOonality maintenance, stress response, nitrogen (N) metabolism, 

chorismate pathway, methane (CH4) metabolism), as well as by their increasing or decreasing trends among 

acidificaOon condiOons in the same coral compartment, whenever possible.



Highly acidified condiOons were also associated with the gain of the transcripOonal regulator nhaR 

(K03717), responsible for the osmoOc inducOon of a promoter of the stress-inducible gene osmC (Toesca et 

al., 2001), in skeleton. Conversely, in the same compartment, we observed the loss of the arabinose 

transport system permease protein (K10190) and of the taurine transport system (K10831). Both arabinose 

and taurine represent important coral osmolytes used by the metaorganisms to cope with environmental 

fluctuaOons (Luo et al., 2021).  

Most of the above-menOoned funcOons were detected in 1 or 2 out of 3 replicates in samples taken at Site 

2 (Figure 20), showing how corals growing in moderately acidified waters could represent a transiOon state 

towards acclimaOzaOon.  

For what concern nitrogen (N) metabolism, the urease ureA (K01430) was progressively lost in mucus 

metagenomes with the increase of acidificaOon, whereas the cyanophycinase cphB (K13282) was gained 

both in mucus and Ossue samples from acidified sites. Cyanophycin is a storage biopolymer [mulO-L-arginyl-

poly (L-asparOc acid)] acOng as N reservoir (Burnat et al., 2014). The enzyme cyanophycinase is responsible 

for the hydrolyOc cleavage of this polymer into aspartate-arginine dipepOdes (Law et al., 2009). In order to 

thoroughly explore N organicaOon and storage pathways, we observed the prevalence of the cyanophycin 

synthetase (CphA) gene (K03802) and of the Nif gene cluster (i.e., genes responsible for N fixaOon) in the 

different acidificaOon sites. These genes were consistently detected in all acidificaOon condiOons 

(Supplementary Tables S4 and S5). Hence, the gain of the cphB funcOon points at an acidificaOon-induced 

gain of potenOal for N mobilizaOon. SupporOng this data, a regulatory protein of arginine uOlizaOon 

(K06714) also appeared in mucus samples from the acidified site, with arginine being a building block of 

cyanophycin (Zhang and Yang, 2019; Flores et al., 2019).  

Other peculiar funcOons that were lost in acidified condiOons (both Site 2 and Site3) were two chorismate 

mutases (tyrA1, K04092, and aroH, K06208, in mucus and skeleton respecOvely) and the 3-dehydroquinate 

synthase (K11646, mucus) (Figure 20), which are part of the chorismate pathway, involved in the producOon 

of aromaOc precursors of a wide range of secondary metabolites (Pérez et al., 2015). 

We also noOced the rearrangement of a few genes involved in funcOons that could be considered of 

bioprospecOng interest, meaning that the coral growing close to underwater CO2 seeps might represent a 

future useful source of geneOc funcOons exploitable for bioremediaOon applicaOons or pharmaceuOcal, 

agro- and food industrial processes (Ahila et al., 2017). In parOcular, the genes nylB (K01453) and pcaG 

(K00448), respecOvely involved in the nylon degradaOon pathway (Ohki et al., 2006) and in PAH degradaOon 

(Velupillaimani and Muthaiyan, 2019), were acquired in skeleton samples from the acidified site. 

FuncOonal metagenomic shi^s in Balanophyllia europaea living in acidificaOon condiOons 

Given the above described gain/loss of metagenomic funcOons, in parOcular in the mucus and skeleton 

metagenomes, we explored shi^s in relaOve abundance of the different pathways within selected KEGG 

networks possibly connected with the funcOonal rearrangements observed at orthologs level in corals 

growing at different acidified condiOons (Figure 21). In the mucus metagenome, the network “Carbohydrate 

metabolism” (KEGG classificaOon 1.1) showed changes in the carbon uOlizaOon, with the percentage of 

reads assigned to the pathways “amino sugar and nucleoOde sugar metabolism” and “starch and sucrose 

metabolism” significantly increasing between the control site and the two acidified sites (Wilcoxon rank 
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sum test of Site 1 vs. Site 2 and 3 together, p-value = 0.02 and 0.05, respecOvely). Specifically, the former 

increased from an average (avg.) of 7.9% in the control to 9.5% and 10.8% in the two acidified sites (Site 2 

and Site 3, respecOvely), whereas the la`er increased from avg. 5.9% to 9.8% and 9.0%, respecOvely. At the 

same Ome, we observed a significant decrease in the relaOve abundance of “glycolysis/gluconeogenesis” 

pathway, from avg. 11.6% to 8.0% and 9.8% (Wilcoxon test Site 1 vs. Site 2 and 3, p-value = 0.05). Among 

the pathways included in the network “Amino acid metabolism” (KEGG classificaOon 1.5), we observed in 

the mucus metagenome a significant increase in the reads assigned to “cysteine and methionine 

metabolism” (from avg. 7.4% in the control site to 10.2% and 9.1% in the acidified sites, Wilcoxon test Site 1 

vs. Site 2 and 3, p-value = 0.05) and also in the “alanine, aspartate and glutamate metabolism” (from avg. 

9.0% in the control site to 14.3% and 11.6% in the acidified sites, Wilcoxon test Site 1 vs. Site 2 and 3, p-

value = 0.05). Finally, we observed a rearrangement in the relaOve abundance of pathways connected to the 

producOon or degradaOon of a wide variety of secondary metabolites (i.e., within the networks 

“Metabolism of terpenoids and polykeOdes” – KEGG classificaOon 1.9 – and “Biosynthesis of other 

secondary metabolites” – KEGG classificaOon 1.10). In mucus metagenome, we found the “geraniol 

degradaOon” and the “limonene and pinene degradaOon” pathways to significantly decrease in terms of 

relaOve abundance with acidificaOon (from avg. 16.1% to 5.6% and 6.4% and from 28.3% to 6.8% and 9.9% 
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Figure 21 - DistribuEon of funcEonal pathways in selected KEGG networks in B. europaea metagenomes. Bar 

plots represenOng average relaOve abundance of KEGG pathways expressed as percentages of reads assigned to 

specific pathways with respect to the total number of reads assigned to the networks “Carbohydrate metabolism” 

(KEGG classificaOon 1.1) (A), “Amino acids metabolism” (KEGG classificaOon 1.5) (B), “Metabolism of terpenoids and 

polykeOdes” (KEGG classificaOon 1.9) (C), and “Biosynthesis of other secondary metabolites” (KEGG classificaOon 

1.10) (D).  All bar plots refer to the metagenome obtained by mucus samples of B. europaea collected at Site 1 (S1), 

Site 2 (S2) and Site 3 (S3), with the excepOon of the network “Biosynthesis of other secondary metabolites” (D) for 

which data referring to skeleton samples are also plo`ed. Color legend is provided for each plot.



respecOvely, Wilcoxon test Site 1 vs. Site 2 and 3, p-value = 0.02 for both), whereas the “polykeOde sugar 

unit biosynthesis” increased with acidificaOon (from avg. 9.6% to 21.3% and 21.6%, Wilcoxon test Site 1 vs. 

Site 2 and 3 p-value = 0.02). Furthermore, the percentage of reads mapped in “tropane, piperidine and 

pyridine alkaloid biosynthesis” pathway decreased with acidificaOon (from avg. 34.1% to 8.7% and 12.4%, 

Wilcoxon test Site 1 vs. Site 2 and 3 p-value = 0.05). Moreover, in the skeleton we observed a shi^ in 

pathways connected with the synthesis of secondary metabolites, with “sOlbenoid, diarylheptanoid and 

gingerol biosynthesis” pathway decreasing with acidificaOon (from avg. 2.9% to 1.3% and 1.1%, Wilcoxon 

test Site 1 vs. Site 2 and 3 p-value = 0.03) and with indole alkaloid biosynthesis increasing with acidificaOon 

(from avg. 0.04% to 1.0% and 1.4%, Wilcoxon test Site 1 vs. Site 2 and 3 p-value = 0.02). 

Discussion 

Ocean acidificaOon (OA) poses a massive threat to the marine ecosystems due to its possible impact on 

calcifying organisms (Wannicke et al., 2018). In spite of the intensive research efforts lately devoted to the 

exploraOon of the effects of global changes on corals, our understanding on how their biological and 

physiological processes may change under OA is sOll limited (Kaniewska et al., 2012). To this concern, 

temperate species such as B. eurapaea targeted in our study, may represent a valuable model given its 

more pronounced acclimaOzaOon capability with respect to tropical species, being naturally able to 

accommodate wider seasonal environmental variaOons (Maor-Landaw et al., 2017).  Our aim was to 

highlight geneOc funcOons, included in the microbial metagenome of the anatomic compartments of B. 

europaea, changing along with OA, and ulOmately idenOfy possible bacteria-related acclimaOzaOon 

processes. 

In terms of phylogeneOc composiOon, we observed a rearrangement at the family-level in the microbial 

community associated with the surface mucus of corals with increasing acidificaOon, whereas significant 

shi^s were not observed in so^ Ossue and skeleton samples, which are confirmed as ecologically disOnct 

habitats (Luo et al., 2021). This is in line with previous findings on microbiome variaOons induced by 

acidificaOon in another temperate but non-zooxanthellate coral species (i.e., Astroides calycularis; Biagi et 

al., 2020) and coherent with the fact that mucus niche is a “first line” defense layer, located at the interface 

between the coral itself and the surrounding environment (Shnit-Orland and Kushmaro, 2009; O’Brien et al., 

2018). The phylogeneOc rearrangement associated with increasing acidificaOon in the mucus microbial 

community is in line with the observed variaOon in microbiome metabolic potenOal. The mucus microbiome 

was the one in which a wider and more consistent gain of funcOons associated with stress response was 

observed. Indeed, some of the funcOons acquired with acidificaOon are known to be involved in resistance 

to acidic stress in model bacteria; these funcOons include gluconate 2-dehydrogenase alpha chain (Maurer 

et al., 2005) and 2-octaprenyl-3-methyl-6-methoxy-1,4-benzoquinol hydroxylase (Ma et al., 2010). This 

observaOon points at a possible mechanism of selecOon of stress-adaptable microbiome components, 

which could contribute to the coral acclimaOzaOon process.  

Secondly, the microbiome of corals living in acidified condiOons showed quanOtaOve shi^s in the pathways 

of carbohydrate metabolism and rearrangements in processes involving metabolites necessary for 

maintaining protecOve cell structures, such as lipid membranes and cell walls. Our findings indicate that 

carbohydrate metabolism in coral microbiome under OA, in parOcular in the mucus compartment, was 
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subjected to a shi^ from energy producOon to maintenance of cell membrane and wall integrity, with a 

decrease in direct sugar consumpOon and an increase in structural sugar biosynthesis pathways (Figure 22). 

According to our data, the uOlizaOon of carbon sources in the mucus ecosystems underwent a shi^ in favor 

of amino and nucleoOde sugars metabolism, which are important precursors of the lipidic membranes and 

cell wall (Benner and Kaiser, 2003; Mills et al., 2020), to the detriment of energeOc pathways, such as 

glycolysis/gluconeogenesis. Environmental changes, including lowering pH, might lead to cell membrane 

damages (Labare et al., 2010) or alteraOon in cell structural lipids (Sogin et al., 2016), meaning that 

membrane bioenergeOcs and lipid physiology are closely related to the stress response (Yang et al., 2014). 

Since a wide range of nucleoOde sugars are required for lipopolysaccharide (LPS) biosynthesis (Mills et al., 

2020), we can assume that changes in environmental condiOons might influence the metabolism of 

nucleoOde sugar producOon by provoking alteraOons in bacterial cells membranes. Moreover, nucleoOde 

sugars are also essenOal for sucrose synthesis, with sucrose synthase enzyme having a dual role in 

producing both UDP-glucose, necessary for cell wall and glycoprotein biosynthesis, and ADP-glucose, 

necessary for starch biosynthesis (Diricks et al., 2017). Hence, the increasing trend of both nucleoOde sugar 

pathway and sucrose metabolism that we observed under high acidificaOon is coherent with the strong 

interconnecOon between these two pathways and the damages possibly induced by OA. These findings are 

also supported by the gain of a short chain fa`y acid transporter and of an outer membrane protein 

involved in membrane repair (Blc) in the metagenome of skeleton samples collected under highly acidified 

condiOons. Among their mulOple roles, fa`y acids are indeed important structural consOtuents of 

phospholipids, which are the building blocks of cell membranes (De Carvalho and Caramujo, 2018). In 

addiOon, the ability of Blc to bind several fa`y acids and lysophospholipids (LPLs), key inner membrane 

intermediates of phospholipid metabolism, makes this membrane protein likely involved in cell envelope 

LPL transport in case of membrane damage (Campanacci et al., 2004 and 2006).  

Amino sugars also have an important structural role as components of the prokaryoOc cell walls, where they 

occur in pepOdoglycan, LPS, and pseudopepOdoglycan (Benner and Kaiser, 2003). For example, it has been 

shown in a model cyanobacterium that pepOdoglycan incorporates L-alanine, D-alanine, D-glutamate and 

meso-diaminopimelate into pepOde bridges, which are linked to polymers consisOng of alternaOng amino 

sugar (acetyl-glucosamine and acetyl-muramate) monomers (Mills et al., 2020). This is in line with the 

increasing relaOve abundance in the pathway of alanine, aspartate and glutamate metabolism within the 

amino acids metabolism that we observed with augmented OA, although we could not find a direct link 

between ocean acidificaOon and cell wall rearrangement in the available literature. SupporOng this possible 

rearrangement of pepOdoglycan structure due to highly acidified condiOons, we also observed the 

penicillin-binding protein B2 funcOon, involved in the polymerizaOon of pepOdoglycan (Zawadzka-Skomiał et 

al., 2006), appearing in mucus and increasing in prevalence in Ossue metagenomes under high acidificaOon 

condiOons (Figure 22). 

Finally, in our model of coral acclimaOzed to low pH, we observed an acidificaOon-induced selecOon of 

funcOons related to Nitrogen (N) mobilizaOon in the mucus metagenome. As OA alters microorganism 

biogeochemical environment, it is of parOcular relevance to understand whether and how it is able to affect 

N cycling in ecologically relevant benthic holobionts (Wannicke et al., 2018). Our results suggest that organic 

N mobilizaOon is promoted by acidificaOon, especially in the mucus, through the gain of the cyanophycinase 
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funcOon. Cyanophycin is a water-insoluble storage biopolymer acOng as N reservoir and synthesized by the 

enzyme cyanophycin synthetase (Burnat et al., 2014). Cyanophycinase, responsible for the release of the 

dipepOde β-aspartyl-arginine from cyanophycin and subsequent hydrolyzaOon to aspartate and arginine by 

an isoaspartyl dipepOdase (Burnat et al., 2014; Zhang and Yang, 2019), only appears in the microbiome 

associated with corals growing under highly acidified condiOons. Accordingly, the appearance of a 

regulatory protein of arginine uOlizaOon in coral mucus growing in acidified sites supports our hypothesis. 

On the contrary, N fixaOon did not show acidificaOon-related rearrangements in the involved geneOc 

funcOons, in our Mediterranean coral model, confirming the importance of this pathway for coral survival 

pointed out by previous studies using 15N2 tracer technique (Bednarz et al., 2021). Growth and density of 

Symbiodiniaceae algal symbiont within the coral host is highly dependent on N availability, and N fixaOon 
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Figure 22 - Proposed model of carbohydrate metabolism shia in coral microbiomes under acidificaEon condiEons, 

from direct energy producEon to structural maintenance pathways. KEGG pathways and KO entries showing 

acidificaOon related modificaOons in relaOve abundance or prevalence, respecOvely, are reported in rectangles using 

the same color code of the coral compartment in which variaOons were observed (mucus, yellow; so^ Ossue, green; 

skeleton, grey). Upward and downward arrows indicate that the KEGG pathway increased or decreased in terms of 

relaOve abundance with the increasing acidificaOon, respecOvely.  Reported KO entries (*) were detected in all 

replicates from the highly acidified site while absent in samples from control sites. Cell funcOons hypothesized to be 

connected with the variaOons of KEGG pathways abundance and KO entries detecOon are reported in dashed 

circles. Do`ed arrows represent the influence of acidificaOon on carbohydrates uOlizaOon. Dashed arrows represent 

connecOons between observed increasing/decreasing pathways and cell funcOons. AbbreviaOons: LPS, 

lipopolysaccharides; Ala, Alanine; Asp, Aspartate; Glu, Glutamate. 



performed by bacteria could contribute to the stability of the coral–algae symbiosis, in parOcular under sub-

opOmal scenarios (Rädecker et al., 2015). It is tempOng to hypothesize that, with the increased acidificaOon, 

the N demand in either all or one among the components of the B. eurapaea holobiont (i.e., the prokaryoOc 

community, the coral host, the symbioOc algae) might increase, and that the gain in terms of funcOons for N 

mobilizaOon from storage polymers in the microbial community might be a coping strategy for the sub-

opOmal environmental condiOons.  

Studies linking coral N metabolism and environmental variaOons, in parOcular heat and eutrophic stresses, 

have provided a wide array of different, someOmes contrasOng, results, depending on the species. For 

instance, increased ammonia availability allows the maintenance of photosynthesis and calcificaOon rates in 

the coral Turbinaria reniformis under thermal stress (Béraud et al., 2013), whereas an excess of N of 

anthropogenic origin exacerbates the bleaching reacOon to thermal stress in Acropora and Pocillopora (Tong 

et al., 2020). Pogoreutz et al. (2017) proposed a coral bleaching model in which an increased N fixaOon is 

synergic with ocean warming in determining the loss of control over the symbiosis with Symbiodiniaceae in 

Pocillopora model. However, the balance in nutrients exchange among bacteria, the coral host, and the 

zooxanthellae is deemed extremely complex, and it involves mechanisms of N limitaOon and phosphorous 

starvaOon to allow the host to exert control on the photosynthesis in the algal symbiont and maintain the 

symbioOc homeostasis under changing environmental condiOons (Pogoreuzt et al., 2017). To the best of our 

knowledge, mechanisOc studies linking N cycle and tolerance to OA in temperate corals are sOll unavailable, 

and our results highlight that any a`empt at deepening our knowledge in this field needs to consider the N 

storage and mobilizaOon pathways and, most importantly, take into account the crosstalk among all the 

components of the holobiont (coral, algae, and bacteria). 

Another peculiar rearrangement involved in N metabolism observed in the mucus metagenome was loss of 

the urease gene (ureA). Urea has been proposed to represent an important metabolite for coral calcificaOon 

through degradaOon by urease (Zhou et al., 2020), which catalyzes the hydrolysis of urea to inorganic 

carbon and ammonia that are involved in the calcificaOon process (Biscéré et al., 2018). The net calcificaOon 

rate of B. europaea are actually reduced with increasing acidificaOon (Fantazzini et al., 2015), thus it is 

possible that a loss in the urease acOvity might be involved in the process. 

Conclusions 

Changes in microbiome metabolic networks are essenOal to trigger the fast response of the coral holobiont 

to modificaOons in external condiOons and promote corals tolerance to climate change-related phenomena 

that might alter their survival, growth, and reproducOon (Rosenberg et al., 2007; Stocker et al., 2013; Torda 

et al., 2017; Voolstra and Ziegler, 2020; Putnam, 2021). In this context, we explored variaOons in the 

composiOon and metabolic potenOal of the microbiomes residing in surface mucus, so^ Ossue and skeleton 

of Balanophyllia europaea naturally living along an acidificaOon gradient as an approximaOon of 

forthcoming ocean condiOons. The metagenomic changes observed in corals acclimaOzed to low pH suggest 

a funcOonal rearrangement able to miOgate the sub-opOmal environmental condiOons at three different 

levels. First, at mucus level, the low pH of surrounding water could exert a selecOve pressure on microbiome 

composiOon promoOng the acquisiOon of bacteria geneOcally equipped for dealing with environmental 

stress, as demonstrated by the gain of funcOons related to stress resistance. Secondly, the carbohydrate 
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metabolism of the coral microbiome, especially in the mucus compartment, is affected by acidificaOon in 

ways that hint at a more efficient maintenance of cell protecOve structures. Our findings highlighted a 

quanOtaOve shi^ in the carbohydrate metabolism from energy producOon to the maintenance of the 

integrity of cell membranes and walls. In line with previous findings, indicaOng that acidificaOon might lead 

to cell membrane damages (Labare et al., 2010) or alteraOon in cell structural lipids (Sogin et al., 2016), we 

confirmed the importance of membrane bioenergeOcs in connecOon to the response to acidificaOon (Yang 

et al., 2014). Thirdly, acidificaOon promote the selecOon of geneOc funcOons that can respond to variaOons 

in nitrogen needs at the holobiont level. In fact, our findings sustain the hypothesis that genes devoted to 

organic N mobilizaOon are gained in coral growing under acidified condiOons, in parOcular in the mucus 

niche, thus possibly increasing the availability of this major limiOng element (Glaze et al., 2021) for the 

holobiont and for its control over the algal symbiont. Growth and density of Symbiodiniaceae within the 

coral host are indeed highly dependent on N availability and nutrients of bacterial origin have been 

proposed to impact the stability of the symbiosis between coral host and the zooxanthellae under sub-

opOmal environmental condiOons (Rädecker et al., 2015; Bourne et al., 2016; Pogoreutz et al., 2017). Our 

results point at the importance to consider the crosstalk among all the three components (coral host, 

symbioOc algae, and bacterial communiOes) of the holobiont to further unveil nitrogen-involving processes 

that allow photosyntheOc corals to maintain their funcOonality under adverse environmental condiOons. 

Our study expands the current knowledge on processes of coral acclimaOzaOon to OA and confirms that 

temperate corals represent a promising model of microbiome adaptaOon. When confirmed by future 

mechanisOc studies, the processes hypothesized in the present work represent an important step towards a 

holisOc comprehension of the triparOte crosstalk between coral host, symbioOc algae and bacterial 

communiOes, as well as a deepened understanding on how this relaOonship changes under environmental 

variaOons allowing for the survival and health of these ecosystem forming holobionts in the forthcoming 

oceans. 
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CHAPTER 3 - THE STUDY OF ENVIRONMENTAL MICROBIOMES IN THE PRESENTED THESIS 

3.1 Study V — ParOculate ma`er emission sources and meteorological parameters combine to shape the 

airborne microbiome communiOes in the Ligurian coast, Italy 

IntroducEon 

Airborne ParOculate Ma`er (APM) is a complex system of parOcles in suspension in the atmosphere, usually 

defined as aerosol. Atmospheric aerosol is contributed by a mulOplicity of sources of both natural and 

anthropogenic origin, including both biogenic and abioOc chemical components, and producing extremely 

complex and variable matrices that can be processed and solved for their origin using appropriate analyOcal 

processing and computaOonal tools (Tosi�, 2018a and b). In parOcular, the aerosol composiOon consists of 

a series of macrocomponents, which make up the mass of APM, as well as an even larger series of different 

trace components, the la`er being of primary relevance as including the most toxic species and providing 

the highest chemical fingerprinOng potenOal (Hopke, 2016). These aerosol bulk components can be emi`ed 

directly into the atmosphere (Primary Aerosol) or, otherwise, they can be abundantly produced within the 

atmosphere, following chemical reacOons on gaseous precursors previously emi`ed (Secondary Aerosol). 

Primary Biological Aerosol (PBA), in short bioaerosol, represents the APM fracOon including atmospheric 

parOcles released from the biosphere to the atmosphere (Fröhlich-Nowoisky et al., 2016). PBA comprise 

living and dead organisms, their dispersal units (e.g., pollen and spores) as well as Ossue fragments from 

decay processes (Womack et al., 2010; CasOllo et al., 2012). The overall mass contribuOon of PBA to 

convenOonal APM metrics is to date a very challenging task though some authors have recently esOmated 

that it may account for about 16% of PM10 in different ciOes examined (Hyde and Mahalov, 2020). The PBA 

fracOon including microorganisms is defined as “airborne microbiome” (AM) and represents a highly 

dynamic and diversified assemblage of acOve and inacOve microorganisms (Mescioglu et al., 2019). Indeed, 

AM can originate from mulOple terrestrial and marine sources - including resident microbiomes in soil, 

waterbodies, plants and animal faeces (Després et al., 2012; Fröhlich-Nowoisky et al., 2016; Mhuireach and 

Betancourt-Román, 2019) - whose relaOve importance depends season, locaOon, alOtude and 

meteorological and atmospheric factors. Further, in agricultural and suburban locaOons, other sources 

relevant to AM emissions are represented by man-made systems, such as agricultural waste, composOng, 

and wastewater treatment plants. AM emission mechanisms include erosion or abrasive dislodgement from 

terrestrial sources and, from open waters, bubble-bursOng at the air-water interface (Veron, 2015; Wilson et 

al., 2015). PBA size spans from a few nanometres up to about a tenth of a millimeter (CasOllo et al., 2012), 

with bacteria-containing parOcles ranging around 2-4 μm in diameter (Dommergue et al., 2019) and 

accounOng for “5–50% of the total number of atmospheric parOcles >0.2 μm in diameter” (Delort and 

Amato, 2017). Due to the small size, AM can be transported over large distances, across conOnents and 

oceans, and reach the upper troposphere, where it acOvely contributes to ice nucleaOon and cloud 

processing  (DeLeon-Rodriguez et al., 2013). In the troposphere, the AM concentraOon ranges from 102 to 

105 cells/m3 (Dommergue et al., 2019), being the densest in the planetary boundary layer, whose thickness 

depends on micrometeorological factors and geographic locaOon, with marked daily and seasonal 

fluctuaOons (SesarOc et al., 2012; Toprak and Schnaiter, 2013). In parOcular, the near-ground AM is the one 

most influenced by local sources, including local meteorology and atmospheric composiOon. AM is then 
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removed from the troposphere by wet and dry deposiOon processes. The former is the major sink for 

atmospheric aerosol parOcles, in the form of precipitaOon (Renard et al., 2019), while the la`er, being less 

important on the global scale, is parOcularly relevant with respect to local air quality (Fröhlich-Nowoisky et 

al., 2016; Mescioglu et al., 2019). 

Recently, an increasing percepOon of the strategic importance of PBA - AM in parOcular - for the Earth 

system and, ulOmately, for the planet and human health, has arisen (Cao et al., 2014; Huang et al., 2014; 

Michaud et al., 2018). For instance, besides its relevance to atmospheric processes, AM has been found to 

control the spread of microorganisms over the planet surface, affecOng the geographical biome, with key 

implicaOons on agriculture and, ulOmately, human health. This awareness raised concern about the 

potenOal impact of anthropogenic acOviOes on PBA and, in parOcular, on the AM fracOon. For example, 

changes in aerosol composiOon due to extensive human influence on the planetary scale give rise to air 

polluOon, the inherent modificaOon of atmospheric reacOvity and, ulOmately, climate change (von 

Schneidemesser et al., 2015). These factors may likely interfere with AM, shaping its structure and 

dispersion throughout the troposphere, with direct consequences on the terrestrial biome (Qin et al., 

2020). However, as far as we know, the current state of knowledge on the connecOons between AM, 

atmospheric processes and atmospheric polluOon is sOll fragmentary, with relaOvely few pioneer studies 

that take into account mulOdimensional datasets to analyze the connecOon between air chemical 

composiOon and its microbiome structure and variaOons, e.g., comparing different land-use types  (Bowers 

et al., 2013; Liu et al., 2019), different sites within ciOes (Woo et al., 2013; Gandolfi et al., 2015; Innocente 

et al., 2017; Li et al., 2019), or worldwide locaOons (Graham et al., 2018; Mescioglu et al., 2019; Tignat-

Perrier et al., 2019). 

Our work fits in this scenario by exploring the ability of an interdisciplinary approach combining chemical 

speciaOon and metagenomics in shedding light on the complex relaOonships among abioOc and microbiome 

components of local ambient aerosol. The study is based on a series of about one hundred PM10 samples 

from a coastal district in north-western Italy, collected daily over six months, from February to July 2012, to 

cover the cold-to-warm seasonal transiOon. The chemical composiOon of each sample was obtained, and a 

receptor modelling approach was used to idenOfy and quanOtaOvely apporOon the chemical species 

determined in the samples to their sources. Owing to the cutoff adopted in APM sampling, the samples 

were deemed suitable for total DNA extracOon and microbiome characterizaOon by Next-GeneraOon 

Sequencing using the 16S rRNA gene as target. In our work, we were able to finely reconstruct the overall 

aerosol behavior in an area affected by both natural and anthropogenic emission sources, determining the 

local bacterial microbiome from PBA contained in PM10 and its main features as a funcOon of local 

meteorological and environmental characterisOcs. 

Materials and methods 

Site descripOon 

The PM10 samples treated in this work were collected in Savona, one of the main towns in the Ligurian 

region (Figure 23). The whole region overlooks the Tyrrhenian sea but is enOrely occupied by the Apennine 

range down to the coast, where only a narrow strip of plain is present. Therefore, the coastal area is densely 

inhabited and crossed by an extremely busy traffic road mainly connecOng Italy to France. Besides being 
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occupied by a medium-size heavily inhabited urban se`lement, the Savona district also hosts a wide 

industrial area, including a coal-fired power plant acOve at the Ome of our experimental field acOvity and a 

large and very busy harbour. The climate of this site is classified as warm-temperate (Csa, according to 

Köppen and Geiger classificaOon) (Köppen, 1900; Geiger, 1954) with an average annual temperature of 

14.6°C and average precipitaOon of 910 mm . Intense northern winds characterize the circulaOon in winter 21

(Burlando et al., 2013), while sea-land breeze regimes prevail in the warm season, usually starOng from 

March (Bentamy et al., 2007; Tosi� et al., 2018). The air sampling site was located at an alOtude of 12 m on 

the sea level in a rural area as classified according to the EU DirecOve 2008/50/EC on Air quality, with a 

distance of 2 km from the sea. 

Sample collecOon and atmospheric parameters 

A total of 184 daily PM10 samples were collected from February 1, 2012, unOl July 20, 2012 with low-volume 

samplers (SWAM Dual Channel, 55.6 m3/day, FAI, Italy) to allow simultaneous collecOon of both quartz 

(Whatman ®QM-A quartz) and PTFE membranes (Whatman PM2.5 PTFE). Samples were stored frozen in the 

dark at -10°C unOl processing. In this work, PTFE membranes were used for gravimetry, ion chromatography 

and elemental analysis with parOcle induced X-ray emission and inducOvely coupled plasma mass 

spectrometry, while quartz membranes were used for the analysis of carbonaceous macrocomponents and 

microbiology. A subset of 98 samples, uniformly distributed across the sampling period, was used for the 

analyses reported in the present paper. During the sampling campaign, meteorological parameters were 

measured simultaneously on site using a Davis Vantage Pro2 Weather StaOon (Davis Instruments, Hayward, 

CA), placed in proximity of the PM10 sampler, for the measurement of temperature, pressure, relaOve 

 h`ps://en.climate-data.org, accessed 28/07/202021
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Figure 23 - LocaEon of the sampling site. Map providing the locaOon of Savona in Italy (indicated with a yellow 

balloon with a star; other Italian ciOes are indicated with a green balloon) (top panel), and snapshot of the PM10 

sampling site with a 3D view of the surroundings (bo`om panel) (source: Google Earth; map data: SIO, NOAA, U.S. 

Navy, NGA, GEBCO, TerraMetrics). Adapted from the original file of P. Christener (h`ps://commons.wikimedia.org/

wiki/File:Vado-Ligure.jpg), CC BY-SA 3.0 (h`ps://creaOvecommons.org/licenses/by-sa/3.0), via Wikimedia Commons. 



humidity, rainfall, and wind direcOon and speed with a Ome resoluOon of 30 min. Subsequently, the data 

obtained were averaged on a daily scale (Supplementary Table S6), i.e., at the same Ome resoluOon as the 

PM10 samples, using the “openair” package (Carslaw and Ropkins, 2012) of the R so^ware  (version 3.6.1). 22

Chemical characterizaOon of the samples 

Chemical characterizaOon of PM10 filters was carried out using several analyOcal techniques. First, PM10 

mass load (μg/m3) was determined by gravimetric analysis. Elemental and organic carbon were determined 

on quartz membranes by thermal-opOcal transmi`ance analysis (TOT), as previously described (Piazzalunga 

et al., 2011). For inorganic speciaOon, several analyOcal techniques were performed on PTFE filter porOons: 

Ion Chromatography (IC) for the determinaOon of the main water-soluble ion composiOon (NH4+, K+, Mg2+, 

NO3-, SO42-, Na+, Cl-, Ca2+, and a few low-level organic compounds, i.e., oxalates and methanesulfonate), and 

ParOcle Induced X-ray Emission (PIXE) and InducOvely Coupled Plasma Mass Spectrometry (ICP-MS) for the 

simultaneous analysis of a series of metals and metalloids (Na, Al, Si, Cl, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Br, 

Pb, Li, Co, Rb, Sr, Cd, La, Ce, Sb, Cs, Ba, Ti, Bi, As, Se, Sn). Elemental analysis by PIXE was carried out at the 

Tandetron 3 MeV of LABEC-INFN, Florence (Italy), according to the method previously reported (Lucarelli et 

al., 2011). Elemental analysis by ICP-MS was carried out according to the UNI EN 14902, 2005 for PM10 as an 

extension of the DL 155, 2010 in agreement with the EU DirecOve 2008/50/EC on ambient air quality and 

cleaner air for Europe. In order to prevent data redundancy, insoluble magnesium (Mg ins) and insoluble 

potassium (K ins) were calculated as the difference between PIXE and IC concentraOons and replaced the 

corresponding elementary concentraOon data. 

PosiOve Matrix FactorizaOon analysis 

PosiOve Matrix FactorizaOon (PMF) is an advanced mulOvariate factor analysis technique widely used in 

receptor modelling for the chemometric evaluaOon and modelling of environmental datasets (Paatero and 

Tapper, 1994; Hopke, 2000; Comero et al., 2009; Hopke, 2016; Tosi� et al., 2014; Belis et al., 2019; Masiol 

et al., 2020). PMF allows the idenOficaOon and quanOficaOon of the emissive profile of a receptor site, i.e., 

the monitoring site where an air quality staOon is operated. We applied EPA PMF 5.0 so^ware (Norris et al., 

2014). The dataset was checked and re-arranged prior to PMF modelling according to the model criteria 

previously described (Norris et al., 2014) and, a^er data pre-processing, a concentraOon matrix of 98 

samples × 25 variables was obtained. A^er careful evaluaOon of the input data and uncertainty matrices, an 

opOmum number of factors was found by analysing the values of Q, a parameter esOmaOng the goodness 

of the fit performed (Brown et al., 2015), and the distribuOon of residuals. In order to assess the reliability 

of the model reconstrucOon, measured (input data) and reconstructed (modeled) values together with the 

distribuOon of residuals were compared. Our results indicated a good general performance of the model in 

reconstrucOng PM10 (coefficient of determinaOon equal to 0.79) for most variables. In order to confirm the 

results of receptor modelling, the origin of the air masses associated with the factors obtained was 

invesOgated through the creaOon of wind polar plots using the source contribuOon of the factors produced 

by PMF. In parOcular, polar plots were produced for each single PMF factor using the “openair” package of R 

(Carslaw and Ropkins, 2012), uOlizing the condiOonal probability funcOon (CPF) (Ashbaugh et al., 1985) with 

an arbitrary threshold set to the 75th percenOle. 

 R Core Team; www.r-project.org22
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Microbial DNA extracOon, 16S rRNA gene amplificaOon and sequencing 

Microbial DNA extracOon was performed on quartz membrane filter using the DNeasy PowerSoil Kit 

(Qiagen, Hilden, Germany) (Jiang et al., 2015; Shin et al., 2015). Extracted DNA samples were quanOfied 

with NanoDrop ND-1000 (NanoDrop Technologies, Wilmington, DE) and stored at -20°C unOl further 

processing. The PCR amplificaOon of the V3-V4 hypervariable region of the 16S rRNA gene and the library 

preparaOon were performed as described in paragraph 2.2. Sequencing was performed on an Illumina 

MiSeq plakorm using a 2 × 250 bp paired-end protocol, according to the manufacturer's instrucOons 

(Illumina, San Diego, CA). 

BioinformaOcs and staOsOcs 

Raw sequences were processed as described in paragraph 2.2. Three different metrics were used to 

evaluate alpha diversity - Faith’s PhylogeneOc Diversity (PD whole tree) (Faith, 1992), Chao1 index for 

microbial richness, and number of observed ASVs - and unweighted UniFrac distance was used for Principal 

Coordinates Analysis (PCoA). PermutaOon test with pseudo-F raOo (funcOon “adonis” in the “vegan” 

package of R), Kruskal-Wallis test or Wilcoxon rank-sum test were used to assess data separaOon. Kendall 

correlaOon test was used to determine associaOons between the PCoA coordinates of each sample and the 

factors idenOfied by the PMF analysis. P-values were corrected for mulOple tesOng with the Benjamini-

Hochberg method, with a false discovery rate (FDR) ≤ 0.05 considered staOsOcally significant. All staOsOcal 

analyses and respecOve figures were produced with the R so^ware using “Made4” (Culhane et al., 2005) 

and “vegan ” packages. Clustering analysis of family-level AM profiles, filtered for family subject prevalence 23

of at least 20%, based on the SILVA taxonomy assignment, was carried out using hierarchical Ward-linkage 

clustering based on the Spearman correlaOon coefficients. We verified that each cluster showed significant 

correlaOons between samples within the group (mulOple tesOng using the Benjamini–Hochberg method) 

and that the clusters were staOsOcally significantly different from each other (permutaOonal MANOVA using 

the Spearman distance matrix as input, funcOon adonis of the vegan package in R).  

AddiOonally, PANDAseq assembled paired-end reads were also processed with the QIIME1 (Caporaso et al., 

2010) pipeline for OTUs (OperaOonal Taxonomic Units) clustering based on 97% similarity threshold. 

Taxonomy was then assigned using the SILVA database. OTUs were processed through the R package 

“MaAsLin2” (Mallick et al., 2021) to determine their associaOon with microbial clusters. Kruskal-Wallis test 

was used to find OTUs whose relaOve abundance was significantly different among microbial clusters. The 

resulOng OTUs were taxonomically assigned against the NCBI 16S rRNA database using the BLAST  24

algorithm.  

Results 

ParOculate Ma`er emission sources and atmospheric parameters 

The PMF model applicaOon on PM10 samples resulted in a soluOon with an opOmum number of seven 

source factors at the receptor site, i.e., the staOon where the PM10 samples were collected. Like other 

mulOvariate methods, these factors correspond to linear combinaOons of the original composiOonal 

 h`ps://cran.r-project.org/web/packages/vegan/index.html23

 h`ps://blast.ncbi.nlm.nih.gov/24
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parameters, each potenOally idenOfiable as an emission source profile. The fracOonal contribuOon per 

sample for each of the seven factors is reported in Supplementary Table S7. 

In order to associate the factors with specific emission sources, prior knowledge about the receptor site 

(Savona, Italy) was used together with a criOcal analysis of the factor fingerprints (Figure 24A). Moreover, 

the percentage contribuOon of the seven idenOfied sources to the total variable was reported (PM10, Figure 

24B). As a result, the seven factors extracted by PMF analysis can be described as follows. Factor 1 is 

characterized by the prevalence of elements a`ributable to the geochemical composiOon because of the 

high percentages of Si, Al, and Ti. Therefore, this factor was idenOfied as “crustal material and road dust 

resuspension”, deriving from the soil and/or road surface (Tosi� et al., 2014; Chow et al., 2015). Factor 2 is 

linked to organic carbon (OC), Cu, Zn, Cr, and K+. OC and K+ are strictly related to combusOon processes, 

including biomass burning, as previously described (Pachon et al., 2013). Cu, Zn, and Cr are associated with 

traffic: Cu and Cr are well-known tracers of the brakes of motor vehicles, while Zn is known as a tracer of 

Ore wear (Alastuey et al., 2007; Thorpe and Harrison, 2008; Gietl et al., 2010). Therefore, this factor was 

idenOfied as a combinaOon of “traffic and biomass burning” sources. Factor 3 is mainly associated with NO3- 

from gas-to-parOcle conversion of NOx (g) in the atmosphere to which traffic and other high-temperature 

combusOon processes may contribute (Schaap et al., 2004; Pathak et al., 2009); as such it can hardly be 

a`ributed to a single well-defined source, especially in such a complex emissive scenario. Therefore, this 
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Figure 24- Emission sources idenEfied by PMF analysis. (a) Stacked bar chart of the percentage concentraOon of 

each chemical species contribuOng to each of the seven factors that represent the chemical profile of each source 

idenOfied in the PMF model. (b) Pie chart represenOng the contribuOon of the seven sources to PM10 mass. The 

seven factors were idenOfied as reported at the top.



factor was idenOfied collecOvely as “secondary nitrate”.  Factor 4 relates to SO42- and NH4+ from gas-to 

parOcle reacOons, leading to secondary ammonium sulphate (Rodríguez et al., 2004; Vecchi et al., 2004; 

Hueglin et al., 2005). Similarly to secondary nitrate, this component can be contributed by various sources 

(both natural and anthropogenic) due to the mulOplicity of fossil fuel sources of the precursor gaseous SO2 

and the ubiquity of NH3 (g) (Behera et al., 2013; Fioletov et al., 2017). Therefore, this factor was collecOvely 

idenOfied as “secondary ammonium sulphate”. Factor 5 is associated with Na, Mg ins, V, and Ni. The 

disOncOve associaOon of V and Ni reveals emissions a`ributable to the combusOon of heavy oil (Jang et al., 

2007; Becagli et al., 2012; Viana et al., 2014). The associaOon of these species with Na and Mg suggests a 

"naval-mariOme transport" source. Factor 6 is mainly characterized by high scores of Pb, K ins, Zn, OC, and 

elemental carbon (EC). The fine parOcles produced by coal combusOon are characterized by significant 

fracOons of OC and K together with typical elements such as Zn, while other semi-volaOle elements 

condense on the surface of fine parOcles of K ins (Yu et al., 2018). Therefore, this factor was idenOfied as 

“coal burning”. Factor 7 is connected to a large score of Cl-, Na, and Mg++, and clearly idenOfied as “sea 

spray” aerosol (Grythe et al.,  2014).  

In order to confirm the PMF analysis results, the origin of the polluted air masses was invesOgated by 

analyzing the PMF factors as a funcOon of wind direcOon, calculaOng the respecOve cumulaOve distribuOon 

funcOons and generaOng the corresponding wind polar plots. This method associates the emissive profile 

obtained by PMF with wind direcOon and intensity to which the receptor site is downwind. The plots 

obtained are shown in Supplementary Figure S11. In parOcular, factors 1, 3, 4, and 6 (respecOvely crustal 

material and road dust resuspension, secondary nitrate, secondary ammonium sulphate, and coal burning) 

are associated with winds blowing from the inland towards the coast covering traffic and industrial sources. 

Factor 5 (naval-mariOme transport) is oriented downwind from the sea, confirming that it is associated with 

the fuel oil used for sea shipping. Finally, while factor 2 shows a local origin indicaOng sources in the 

proximity of the receptor site, factor 7 is meridionally oriented, indicaOng once more a marine origin. It 

should be noted, however, that, unlike factor 5 characterized by elements typical of the submicron fracOon 

likely flushed back and forth by sea-land breezes from the harbor, factor 7 is associated with coarse parOcles 

requiring different meteorological condiOons (possibly more intense winds from the open sea in order to 

sustain heavier parOcles). 

AM overall composiOon 

Next generaOon sequencing of the V3-V4 hypervariable region of the 16S rRNA gene from the total 

microbial DNA extracted from PM10 air filters resulted in 98 samples containing more than 1 000 reads per 

samples which were retained for the rest of the study, for a total of 797,781 high-quality sequences with an 

average of 8,058 ± 3,410 (mean ± SD) paired-end reads per sample, binned into 4 189 ASVs. According to 

our data, AM is dominated by the phyla Proteobacteria (mean relaOve abundance ± SD = 42.8 ± 19.4%) and 

Firmicutes (27.4 ± 18.9%), with AcOnobacteria (14.8 ± 10.9%) and Bacteroidetes (9.2 ± 8.6%) being 

subdominant. At the family level, the most represented taxa are Comamonadaceae (6.1 ± 13.4%) and 

Sphingomonadaceae (4.3 ± 5.0%), both belonging to Proteobacteria. Other represented families are 

Ruminococcaceae (3.9 ± 7.6%), Enterobacteriaceae (3.7 ± 5.9%), Clostridiaceae (3.6 ± 6.8%), Bacillaceae (3.5 
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± 5.0%) and Flavobacteriaceae (3.4 ± 5.7%). Please see Supplementary Figure S12 for a graphical 

representaOon of the overall composiOonal structure of AM throughout the enOre sampling period. 

In order to explore connecOons between the AM structure and seasonality, we compared the levels of AM 

diversity over the different months (Figure 25). Diversity measurements indicated a general trend of 

microbial richness to decrease from winter to summer, although the differences did not reach staOsOcal 

significance (Kruskal-Wallis test, FDR corrected p-value > 0.05) (Figure 25A). Conversely, the PCoA of 

unweighted UniFrac distances between the AM composiOonal profiles showed sample segregaOon 

according to the month of sampling (Figure 25B) (FDR-corrected permutaOon test with pseudo-F raOo, p-

value = 0.012), meaning that seasonality significantly affects the overall composiOonal AM structure. 

VariaOon of the AM topological structure and associaOon with PM emission sources and meteorological 

parameters 

To further explore the overall AM variaOon across the sampling period, a clustering analysis of the AM 

composiOonal profiles was carried out. Hierarchical Ward-linkage clustering based on the Spearman 

correlaOon coefficients of family-level AM profiles resulted in the significant separaOon of 4 clusters, named 

C1, C2, C3 and C4, respecOvely (FDR-corrected permutaOon test with pseudo-F raOo, p-value ≤ 0.001) 

(Figure 26). Confirming the robustness of the idenOfied clusters, the PCoA of the unweighted UniFrac 

distances between samples revealed a sharp segregaOon based on the assigned cluster (Figure 27). 

InteresOngly, when we searched for correlaOons between PCoA coordinates and measured meteorological 
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Figure 25 - AM alpha and beta diversity throughout the sampling period. (a) Box-and-whiskers distribuOon of 

Faith's PhylogeneOc Diversity (PD_whole_tree), Chao1 index for microbial richness and number of observed ASVs, 

for each month of sampling. The data show a trend towards reduced microbial richness from winter to summer, 

although the differences did not reach staOsOcal significance (Kruskal-Wallis test, FDR-corrected p-value > 0.05). (b) 

Principal Coordinates Analysis (PCoA) based on unweighted UniFrac distances between AM profiles, showing 

separaOon by sampling month (permutaOon test with pseudo-F raOo, p-value = 0.012) (same colour code as in panel 

A). The first and second principal components (PCo1 and PCo2) are plo`ed and the percentage of variance in the 

dataset explained by each axis is reported. 



parameters or PMF factors (Supplementary Tables S6 and S7, respecOvely), we found that factor 5 (naval-

mariOme transport) and relaOve humidity (RH) were both posiOvely correlated with the PCo1 axis (Kendall’s 

test, FDR-corrected p-value ≤ 0.001), while factor 6 (coal burning) was negaOvely correlated with the PCo1 

coordinates (p-value ≤ 0.001) (Figure 27). This indirect gradient analysis allowed to highlight posiOve 

associaOons between clusters C1 and C3 and factors 6 and 5, respecOvely. Further, cluster C3 was found to 

be posiOvely related to RH. As for seasonality, the clusters C3 and C4 are the most prevalent in summer and 

winter, respecOvely, while for C1 and C2 we did not observe any prevalence for a parOcular sampling period. 

We also compared the microbial diversity values of samples included in the different clusters, using three 

different diversity metsrics. Our data indicated higher biodiversity in clusters C1 and C2 (PD whole tree, 

chao1, and observed ASVs, mean ± SD: 3.6±1.3, 67.2±43.9, and 65.0±40.5 for C1, 3.2±1.4, 59.1±38.2 and 

57.6±36.0 for C2, respecOvely) compared to C3 and C4 (1.4±0.7, 18.7±9.4, and 18.5±9.3 for C3, 2.4±1.2, 

31.2±18.4 and 31.2±18.3 for C4), with C3 having the lowest biodiversity (Kruskal-Wallis test, FDR corrected 

p-value ≤ 0.001). 

ComposiOonal specificity and prevalent microbiological source of the four AM clusters 

We subsequently compared the relaOve abundance of AM families among the four clusters in order to find 

out the most disOncOve families of each of them (Supplementary Figure S13). According to our findings, the 

discriminaOng families (i.e., families with significantly different relaOve abundance, based on Kruskal-Wallis 

test) for the microbial cluster C1 are Prevotellaceae, Erysipelotrichaceae, Coriobacteriaceae, 

Christensenellaceae, Lachnospiraceae, Ruminococcaceae, and Spirochaetaceae. The microbial cluster C2 is 

 of 94 126

Figure 26 - Family-level clusters of the airborne microbiome. Hierarchical Ward-linkage clustering based on the 

Spearman correlaOon coefficients of the proporOon of families in the AM samples. Only families with relaOve 

abundance >2% in at least 3 samples were retained. The four idenOfied clusters (FDR-corrected permutaOon test 

with pseudo-F raOo, p-value ≤ 0.001) are labelled in the top tree and highlighted by different coloured squares (red, 

blue, green and yellow for the clusters C1, C2, C3 and C4, respecOvely).



instead characterized by higher abundance in the families Microbacteriaceae, Cytophagaceae, 

Oxalobacteraceae, Sphingobacteriaceae, Nocardioidaceae, Methylobacteriaceae, Intrasporangiaceae, 

Rhodobacteraceae and Acetobacteraceae. Only two proteobacterial families, namely Brucellaceae and 

Comamonadaceae, have a significantly higher abundance in cluster C3. Four families show higher 

abundance in cluster C4, i.e., Peptostreptococcaceae, Clostridiaceae, Bacillaceae and Enterobacteriaceae. It 

is also worth noOng that the families Planococcaceae and Paenibacillaceae are highly represented in both 

C2 and C4 clusters, whereas Sphingomonadaceae members are equally represented in all clusters except for 

C4.  

In an a`empt to idenOfy the most likely prevalent microbial origin of the four AM clusters, we first derived 

the respecOve composiOonal peculiariOes at the OTU level. To this aim, 16S rRNA gene reads were clustered 

at 97% homology, resulOng in 3 821 OTUs. By linear regression, we subsequently obtained 80 OTUs 

specifically discriminaOng the four clusters. In parOcular, for 52 of these OTUs a significantly different 

distribuOon in the four clusters was confirmed by a Kruskal-Wallis test, as shown in Supplementary Figure 

S14. For each of them, the isolaOon source of the closest BLAST match within the NCBI 16S rRNA sequence 

database was recovered (Supplementary Table S8). InteresOngly, according to our findings, the cluster C1 is 
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Figure 27 - VariaEon of the AM topological structure and associaEon with PM emission sources and 

meteorological parameters. Principal coordinates analysis (PCoA) based on the unweighted UniFrac distance shows 

separaOon between the microbial clusters (C1 to C4; permutaOon test with pseudo F-raOo, p-value ≤ 0.001; see also 

Figure 3). The percentage of variance in the dataset explained by each axis, first and second principal component 

(PCo1 and PCo2), is 13.2% and 5.9%, respecOvely. Ellipses include 95% confidence area based on the standard error 

of the weighted average of sample coordinates. Significant Kendall correlaOons between PCoA axes and PMF factors 

and measured meteorological parameters are reported with a black arrow. Specifically, the emission source factor 5 

(naval-mariOme transport) and relaOve humidity are both posiOvely correlated with the PCo1 axis (Kendall 

correlaOon test, FDR-corrected p-value ≤ 0.001), while the emission source factor 6 (coal burning) is negaOvely 

correlated with the PCo1 coordinates (p-value ≤ 0.001). For each AM cluster, the proporOon of samples based on 

the sampling Ome (from February (dark blue) to July (yellow)) is shown as a pie chart. 



mainly characterized by OTUs of faecal origin. These OTUs include sequences assigned to typical 

components of the human gut microbiome, such as Faecalibacterium prausnitzii, Ruminococcus faecis, 

Prevotella copri, Eubacterium eligens, Ruminococcus bromii, Roseburia inulinivorans and Blau,a faecis 

(Zhang et al., 2015; Lloyd-Price et al., 2016; Rinninella et al., 2019), the ca`le rumen components 

Succinivibrio dextrinosolvens (Wang et al., 2017) and Oscillibacter ruminan,um (Lee et al., 2012), and the 

porcine gut microbiome member Treponema porcinum (Nordhoff et al., 2005). Differently, the cluster C2 is 

characterized by OTUs assigned to microorganisms isolated from plant roots and leaves, including 

Curtobacterium flaccumfaciens (Chen et al., 2021), Glutamicibacter halophytocola (Feng et al., 2017) and 

Frigoribacterium endophy,cum (Wang et al., 2015), as well as by a specific pa`ern of environmental 

bacteria, from soil, air, and fresh and marine water ecosystems. Similarly, both clusters C3 and C4 are 

characterized by a peculiar combinaOon of environmental microorganisms from different sources, including 

soil, fresh and marine waters, and airborne microbial ecosystems.     

Discussion 

In order to explore connecOons between the local air microbiome, atmospheric polluOon and 

meteorological factors, here we provide a longitudinal survey of the near-ground AM, atmospheric 

parOculate and atmospheric parameters in Savona, Italy. According to our findings, the local AM appears 

dominated by the phyla Proteobacteria, Firmicutes, AcOnobacteria and Bacteroidetes, well matching the 

general layout of an AM community (Fröhlich-Nowoisky et al., 2016; Liu et al., 2019). The applicaOon of the 

PMF receptor modelling on the chemical composiOonal pa`ern of the PM10 samples collected during the 

field campaign allowed the idenOficaOon of seven emission sources: “crustal material and road dust 

resuspension”, “traffic and biomass burning”, “secondary nitrate”, “secondary ammonium sulphate”, “naval-

mariOme transport”, “coal burning” and “sea spray”. Each source factor was subsequently subjected to 

anemological analysis based on polar plots, allowing each emission source to be associated with the 

corresponding wind direcOon to which the receptor site is downwind, similarly to the approach used by 

Innocente et al. (2017). Specifically, emission sources as “crustal material and road dust resuspension”, 

“secondary nitrate”, “secondary ammonium sulphate” and “coal burning” were associated with winds 

blowing from the inland toward the sampling site, intercepOng substanOally traffic and industrial parOculate 

sources. Conversely, emission sources such as “naval-mariOme transport” and “sea spray” were associated 

with a sea breeze, supporOng a marine origin for both. Finally, the “traffic and biomass burning” emission 

source mostly showed a local origin. 

It is known that bacterial communiOes structure and composiOon can be influenced by environmental 

condiOons, such as seasons, air masses origin and landscape characterisOcs (Innocente et al., 2017; Tignat-

Perrier et al., 2019; Bowers et al., 2011), as well as PM10 chemical composiOonal pa`ern (Gandolfi et al., 

2015). When we explored the AM structure variaOon during the observaOon period, we were able to 

idenOfy four disOnct clusters of samples, named C1 to C4. InteresOngly, the four clusters were associated 

with a peculiar combinaOon of seasonality, meteorological variables and emission sources, as integrated 

into factors by PMF analysis. 

In parOcular, the AM cluster C1 was associated with the “coal burning” emission source, suggesOng not 

actually the industrial facility as a microbiome source, but rather the influence of an air mass whose 
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transport over a given district harvests chemical and microbiological components along the same 

tropospheric path. Instead, the cluster C3, most represented in the warm period, probably has a marine 

origin due to its associaOon with the “naval-marine transport” emission source and high relaOve humidity. 

Finally, the clusters C2 and C4 did not show any specific associaOon with the aerosol sources assessed by 

PMF, even if they showed a different seasonal behaviour, with C4 being more represented in the cold 

period. The results obtained by the applicaOon of such double-step mulOvariate analysis – associaOng 

mulOdimensional microbiome and chemical datasets – represent the true novelty of our study. Indeed, we 

were able to associate the AM composiOon to well discriminated emission sources, each with a 

characterisOc chemical composiOon and origin. 

The four AM clusters revealed a disOnct, well-defined composiOonal structure, each being enriched with a 

specific set of microbial families and OTUs. The specificity of each bacterial profile de facto serves as a 

microbiological fingerprint, allowing to single out the probable microbiome sources characterizing each 

cluster that, similar to what occurs to abioOc parOcles, allow to trace back the origin of the air mass. In 

parOcular, the clusters C3 and C4 substanOally reflect interconnected environmental microbiomes, 

encompassing a specific combinaOon of microorganisms from soil resuspension, as well as from marine and 

fresh waters (possibly from rivers and streams flowing into the Ligurian Sea) and from the air. C2 cluster 

reveals the plant microbiome as an addiOonal source, showing a further combinaOon of plant-associated 

and environmental microorganisms, due to the contact of air masses over a vegetaOon landscape. 

InteresOngly, the feasibility of air mass tracing also using bacterial species clearly emerges when we observe 

in detail the composiOonal structure of C1. This is in fact the only AM cluster carrying a recognizable pool of 

bacterial moieOes of faecal origin, which are consistently part of the animal gut microbiome, suggesOng not 

only a well-defined origin but also the potenOal use of this informaOon in the assessment of microbiological 

impacts. Faecal material as a potenOal source of bacteria was already reported by Bowers et al. (2013). It 

should be noted that in the area upwind C1 no sewage treatment plant as a possible source of faecal 

microbiome was present at the Ome of sampling. However, the area is very densely populated and forested 

areas populated by local fauna are closely found within a few kilometres.  

Taken together, our data on the temporal dynamics of the near-ground AM in Savona, highlight the relevant 

degree of plasOcity of AM over Ome. As such, we demonstrated how meteorological factors (i.e., wind 

direcOon and humidity) and atmospheric polluOon (parOcles emission sources) can combine in shaping the 

AM configuraOon. In parOcular, coal burning and winds blowing from the inlands mix to establish a 

characterisOc AM with a prevalence of aerosolized faecal microorganisms, regardless of seasonality. 

Conversely, in the summer season, humidity, sea breeze and naval-marine transport pollutants result in an 

AM mainly originaOng from environmental microbiomes, including microorganisms that are typically found 

in seawater and soil. Even if we were not able to establish connecOons between the other idenOfied 

emission sources and specific AM clusters, we would stress the importance of seasonality in shaping the AM 

structure. Indeed, the variaOon between the clusters C2 and C4, for which no connecOon with any emission 

source was observed, was shown to be dependent on the sampling period, with the cluster C2 most 

prevalent during the warm season and including plant microbiomes as possible characterisOc sources, as 

previously observed by Franze� et al. (2011) and Bertolini et al. (2013). 
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In conclusion, our results suggest that, in an urban se`lement, the influence of air masses harvesOng 

chemical components from industrial sources may increase the proporOon of aerosolized faecal 

microorganisms in the atmosphere, ulOmately increasing ciOzens’ exposure to faecal microbes. Similar 

results have recently been obtained by exploring AM in Beijing over 6 months (Qin et al., 2020). Our 

findings strengthen the importance of including the monitoring of the AM composiOonal structure as a 

determinant factor in the currently used air quality indexes. Indeed, in urban areas, the possible increased 

exposure to faecal-associated microbiomes as a result of increasing polluOon can pose a possible threat to 

human health, parOcularly in regions with high-intensity animal farming, due to the inherent propensity of 

opportunisOc pathogens to aerosolize. 
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CHAPTER 4 - CONCLUDING REMARKS 

The presented thesis work aims at filling the general lack of knowledge in the understanding of how host-

associated microbes drive marine holobionts response to anthropogenic stressors and the host 

acclimaOzaOon to abioOc stressors, as a natural model of future climate change scenarios, by proposing 

different study models represenOng ecologically important, widely distributed, and habitat-forming 

organisms. By means of these study models, here we demonstrated how marine holobionts are able to 

dynamically adapt to natural environmental variaOons as well as related anthropogenic stress factors. 

In parOcular, we showed that model benthonic organisms such as anthozoans and gastropods develop a 

microbial-derived adapOve response to anthropogenic stressors that allows their acclimaOzaOon under 

environmental disturbances. We described how natural seasonal variaOons combine with seasonal-related 

anthropogenic stressors acOng as a consistent driver capable of shaping the microbial composiOon of the 

model organisms Anemonia viridis in the northwestern AdriaOc Sea, a region characterized by strong annual 

fluctuaOons and severe anthropogenic stressors. In this context, Anemonia viridis acts as a natural filtraOon 

system able to select health-promoOng microorganisms from the microbial communiOes populaOng the 

surrounding environment, possibly removing pathogens in a heavily human-impacted habitat, where waters 

can carry traces of fecal contaminaOon from domesOc wastage, agricultural runoff, river discharges and 

massive tourism. This highlights the importance of the role of this model organism for ecosystem 

restoraOon. Regarding the monitoring and preservaOon of coastal marine ecosystems, we dissected the 

interacOons between the microbiomes from farmed fishes and the surrounding wild holobionts at the 

metacommunity level, in consideraOon of the strong impact of mariculture on environmental condiOons in 

the surrounding water column. ParOcularly, we showed pa`erns of microbial dispersion from the farmed 

fishes to the environment and, finally, to locally dwelling wild organisms, through the use of the sedentary 

organism Patella caerulea as a proxy for metacommunity changes. 

Moreover, we proposed the temperate, solitary, and widespread scleracOnian coral Balanophyllia europaea 

as a natural model of acclimaOzaOon to low seawater pH, aiming at expanding our current knowledge on 

processes of acclimaOzaOon for marine holobionts to future ocean acidificaOon condiOons. Due to the 

massive threat posed by ocean acidificaOon to the marine ecosystems, we invesOgated variaOons in the 

composiOon and metabolic potenOal of the microbiomes associated with Balanophyllia europaea. In this 

thesis work, we showed that corals naturally living at low pH condiOons develop microbial dependent 

mechanisms of adaptaOon, providing a valuable model to implement microbial based acOons to miOgate 

climate change. 
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Supplementary Figure S1 - Maps and coordinates of “Il Paguro” 

site. “Il Paguro” is located in the North Adriatic Sea, around 12 nautical 

miles offshore Ravenna. Its geographical coordinates are latitude 

44°23’21.0’’N and longitude 12°34’37.0’’E. All the maps were collected 

from Google Maps and the pictures from the Associazione Paguro 

official website (http://www.associazionepaguro.org/coordinate.htm) 

with written authorization.

Figure S1 - Maps and coordinates of “Il Paguro” site. “Il Paguro” is located in the North AdriaOc Sea, 

around 12 nauOcal miles offshore Ravenna. Its geographical coordinates are laOtude 44°23’21.0’’N and 

longitude 12°34’37.0’’E. All the maps were collected from Google Maps and the pictures from the 

Associazione Paguro official website (h`p://www.associazionepaguro.org/coordinate.htm) with wri`en 

authorizaOon.
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chlorophyll a. All the maps were retrieved 

from NASA (https://giovanni.gsfc.nasa.gov/

giovanni/). Selected region is 11.1511E, 

42.8522N, 15.9851E, 46.236N. Temperature 

and chlorophyll a were measured daily over 

the month of sampling and averaged.

Figure S2 - Monthly satellite maps of temperature and surface chlorophyll a. All the maps were retrieved 

from NASA (h`ps://giovanni.gsfc.nasa.gov/ giovanni/). Selected region is 11.1511E, 42.8522N, 15.9851E, 

46.236N. Temperature and chlorophyll a were measured daily over the month of sampling and averaged.



 

 

 of 108 126

C. viridis seawater

4

6

8

10

alpha_diversity_PD_whole_tree

C. viridis seawater

100

200

300

400

alpha_diversity_chao1

C. viridis seawater

50

100

150

200

250

300

alpha_diversity_observed_OTUs

C. viridis seawater

4

6

8

10

alpha_diversity_PD_whole_tree

C. viridis seawater

100

200

300

400

alpha_diversity_chao1

C. viridis seawater

50

100

150

200

250

300

alpha_diversity_observed_OTUs

C. viridis seawater

4

6

8

10

alpha_diversity_PD_whole_tree

C. viridis seawater

100

200

300

400

alpha_diversity_chao1

C. viridis seawater

50

100

150

200

250

300

alpha_diversity_observed_OTUs

4

6

8

10

100

200

300

400

50

100

150

200

250

300

PD_whole_tree Chao1 Observed_ASVs

C. virid
is

Seawater

C. virid
is

Seawater

C. virid
is

Seawater

Supplementary Figure S2 – Alpha diversity of C. viridis and seawater bacterial communities. Box-and-whiskers plots showing the distribution of the Faith's 

Phylogenetic Diversity (PD_whole_tree) α-diversity index, Chao1 index for microbial richness and observed ASVs, calculated for anemone and seawater samples. 

Data indicate a general tendency to higher richness in seawater than C. viridis-associated communities (Wilcoxon rank-sum test controlled for multiple testing 

using FDR, p-value > 0.05).

Figure S3 - Alpha diversity of C. viridis and seawater bacterial communiEes. Box-and-whiskers plots showing the 

distribuOon of the Faith's PhylogeneOc Diversity (PD_whole_tree) α-diversity index, Chao1 index for microbial 

richness and observed ASVs, calculated for anemone and seawater samples. Data indicate a general tendency to 

higher richness in seawater than C. viridis-associated communiOes (Wilcoxon rank-sum test controlled for mulOple 

tesOng using FDR, p-value > 0.05).
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Supplementary Figure S3 – Beta diversity of C. viridis and seawater 

microbiomes per season. Principal Coordinate Analyses (PCoA) of the overall 

compositional differences between C. viridis and seawater microbial 

communities for each season (winter, spring and summer). To identify the 

bacterial families most contributing to segregations, their relative abundance is 

superimposed on the PCoA plots (function envfit or the R package vegan). The 

separation between the C. viridis microbiome and that of seawater is significant 

and robust to seasonality (permutation test with pseudo F-ratio, p-value ≤ 0.01). 

Anemone samples are shown in brown and seawater samples in light blue. The 

first and second principal components (PCo1 and PCo2) are plotted and the 

percentage of variance in the dataset explained by each axis is reported. Ellipses 

include 95% confidence area based on the standard error of the weighted average 

of sample coordinates.

Figure S4 - Beta diversity of C. viridis and seawater microbiomes per season. Principal Coordinate Analyses (PCoA) 

of the overall composiOonal differences between C. viridis and seawater microbial communiOes for each season 

(winter, spring and summer). To idenOfy the bacterial families most contribuOng to segregaOons, their relaOve 

abundance is superimposed on the PCoA plots (funcOon envfit or the R package vegan). The separaOon between the 

C. viridis microbiome and that of seawater is significant and robust to seasonality (permutaOon test with pseudo F-

raOo, p-value ≤ 0.01). Anemone samples are shown in brown and seawater samples in light blue. The first and 

second principal components (PCo1 and PCo2) are plo`ed and the percentage of variance in the dataset explained 

by each axis is reported. Ellipses include 95% confidence area based on the standard error of the weighted average 

of sample coordinates.
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Supplementary Figure S4 – Co-abundance associations between C. viridis bacterial genera. (A) The assignment of co-abundance groups (CAGs) relies on a 

heat plot showing Kendall correlations between genera clustered by the Spearman correlation coefficient and Ward linkage hierarchical clustering. Only genera 

with relative abundance higher than 0.5% in at least 10% of the samples are represented. Colors are indicative of the three identified CAGs. (B) Wiggum plot 

correlations between the three CAGs identified. Circle size is representative of the genus abundance and the connections between nodes represent positive (solid 

lines) and negative (dashed lines) significant Kendall correlations between genera (controlled for multiple testing using FDR, p-value ≤ 0.05).

(B)

Supplementary Figure S4 – Co-abundance associations between C. viridis bacterial genera. (A) The assignment of co-abundance groups (CAGs) relies on a 

heat plot showing Kendall correlations between genera clustered by the Spearman correlation coefficient and Ward linkage hierarchical clustering. Only genera 

with relative abundance higher than 0.5% in at least 10% of the samples are represented. Colors are indicative of the three identified CAGs. (B) Wiggum plot 

correlations between the three CAGs identified. Circle size is representative of the genus abundance and the connections between nodes represent positive (solid 

lines) and negative (dashed lines) significant Kendall correlations between genera (controlled for multiple testing using FDR, p-value ≤ 0.05).

Figure S5 - Co-abundance associaEons between C. viridis bacterial genera. (A) The assignment of co-abundance 

groups (CAGs) relies on a heat plot showing Kendall correlaOons between genera clustered by the Spearman 

correlaOon coefficient and Ward linkage hierarchical clustering. Only genera with relaOve abundance higher than 

0.5% in at least 10% of the samples are represented. Colors are indicaOve of the three idenOfied CAGs. (B) Wiggum 

plot correlaOons between the three CAGs idenOfied. Circle size is representaOve of the genus abundance and the 

connecOons between nodes represent posiOve (solid lines) and negaOve (dashed lines) significant Kendall 

correlaOons between genera (controlled for mulOple tesOng using FDR, p-value ≤ 0.05).
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Supplementary figure S1 - Pie charts summarizing the phylum (A) and family (B) level microbiota composition of sediment samples in the two sampling 
sites. Phyla with relative abundance > 0.5% in at least one sample and families with relative abundance > 2% in at least 10% of samples are represented. 
Proteobacteria classes are expanded on the respective pie chart phylum slice. subs=subset; fam=family; unc=uncultured; inc=incertae; mar=marine; 
gr=group.
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Verrucomicrobia;OPB35_soil_gr;unc
Chthoniobacterales;other
Verrucomicrobiales;DEV007
Verrucomicrobiaceae
Other_families

Actinomycetaceae
Bifidobacteriaceae
Corynebacteriaceae
Corynebacteriales;Other
Micromonosporaceae
Propionibacteriaceae
Pseudonocardiaceae
Actinobacteria;Other
Rubrobacteriaceae
Bacteroidaceae
Prevotellaceae
Cryomorphaceae
Flavobacteriaceae
Chitinophagaceae
Saprospiraceae
Sphingobacteriales;envOPS17
Caldilineaceae
Cyanobacteria;subsI;famI
Cyanobacteria;subsII;famII
Cyanobacteria;subsIII;famI
Obscuribacterales;unc
Bacillaceae
Bacillales;famXI
Staphylococcaceae
Carnobacteriaceae
Enterococcaceae
Lactobacillaceae
Streptococcaceae
Clostridiaceae1
Clostridiales;famXI
Clostridiales;famXII
Lachnospiraceae
Peptostreptococcaceae
Clostridiales;other
Erysipelotrichaceae
Veillonellaceae
Fusobacteriaceae
Nitrospiraceae
Planctomycetaceae
Bradyrhizobiaceae
Hyphomicrobiaceae
Rhizobiales;MNG7
Phyllobacteriaceae
Rhizobiaceae
Rhodobiaceae
Rhizobiales;other
Rhodobacteraceae
Acetobacteraceae
Rhodospirillaceae
Rhodospirillales_inc_sedis
Rhodospirillales;other
Rickettsiales;SAR116clade
Alphaproteobacteria;SAR11clade;Surface1
Sphingomonadaceae
Alphaproteobacteria;other
Comamonadaceae
Oxalobacteraceae
Neisseriaceae
Desulfobulbaceae
Deltaproteobacteria;NB1-j;unc
Helicobacteraceae
Pseudoalteromonadaceae
Shewanellaceae
Alteromonadales;other
Chromatiaceae
Enterobacteriaceae
Halomonadaceae
Pasteurellaceae
Moraxellaceae
Pseudomonadaceae
Vibrionaceae
JTB255mar_benthic_gr
Xanthomonadaceae
Gammaproteobacteria;other
Spirochaetaceae
Mycoplasmataceae
Verrucomicrobia;OPB35_soil_gr;unc
Chthoniobacterales;other
Verrucomicrobiales;DEV007
Verrucomicrobiaceae
Other_families

Actinomycetaceae
Bifidobacteriaceae
Corynebacteriaceae
Corynebacteriales;Other
Micromonosporaceae
Propionibacteriaceae
Pseudonocardiaceae
Actinobacteria;Other
Rubrobacteriaceae
Bacteroidaceae
Prevotellaceae
Cryomorphaceae
Flavobacteriaceae
Chitinophagaceae
Saprospiraceae
Sphingobacteriales;envOPS17
Caldilineaceae
Cyanobacteria;subsI;famI
Cyanobacteria;subsII;famII
Cyanobacteria;subsIII;famI
Obscuribacterales;unc
Bacillaceae
Bacillales;famXI
Staphylococcaceae
Carnobacteriaceae
Enterococcaceae
Lactobacillaceae
Streptococcaceae
Clostridiaceae1
Clostridiales;famXI
Clostridiales;famXII
Lachnospiraceae
Peptostreptococcaceae
Clostridiales;other
Erysipelotrichaceae
Veillonellaceae
Fusobacteriaceae
Nitrospiraceae
Planctomycetaceae
Bradyrhizobiaceae
Hyphomicrobiaceae
Rhizobiales;MNG7
Phyllobacteriaceae
Rhizobiaceae
Rhodobiaceae
Rhizobiales;other
Rhodobacteraceae
Acetobacteraceae
Rhodospirillaceae
Rhodospirillales_inc_sedis
Rhodospirillales;other
Rickettsiales;SAR116clade
Alphaproteobacteria;SAR11clade;Surface1
Sphingomonadaceae
Alphaproteobacteria;other
Comamonadaceae
Oxalobacteraceae
Neisseriaceae
Desulfobulbaceae
Deltaproteobacteria;NB1-j;unc
Helicobacteraceae
Pseudoalteromonadaceae
Shewanellaceae
Alteromonadales;other
Chromatiaceae
Enterobacteriaceae
Halomonadaceae
Pasteurellaceae
Moraxellaceae
Pseudomonadaceae
Vibrionaceae
JTB255mar_benthic_gr
Xanthomonadaceae
Gammaproteobacteria;other
Spirochaetaceae
Mycoplasmataceae
Verrucomicrobia;OPB35_soil_gr;unc
Chthoniobacterales;other
Verrucomicrobiales;DEV007
Verrucomicrobiaceae
Other_families

Fusobacteriaceae 
Nitrospiraceae 
Planctomycetaceae 
Phyllobacteriaceae 
Rhodobiaceae 
Rhizobiales;other 
Rhodobacteraceae 
Rhodospirillaceae 
Rhodospirillales;other 
Sphingomonadaceae 
Oxalobacteraceae 
Desulfobulbaceae 
Deltaproteobacteria;NB-j;unc

Actinomycetaceae
Bifidobacteriaceae
Corynebacteriaceae
Corynebacteriales;Other
Micromonosporaceae
Propionibacteriaceae
Pseudonocardiaceae
Actinobacteria;Other
Rubrobacteriaceae
Bacteroidaceae
Prevotellaceae
Cryomorphaceae
Flavobacteriaceae
Chitinophagaceae
Saprospiraceae
Sphingobacteriales;envOPS17
Caldilineaceae
Cyanobacteria;subsI;famI
Cyanobacteria;subsII;famII
Cyanobacteria;subsIII;famI
Obscuribacterales;unc
Bacillaceae
Bacillales;famXI
Staphylococcaceae
Carnobacteriaceae
Enterococcaceae
Lactobacillaceae
Streptococcaceae
Clostridiaceae1
Clostridiales;famXI
Clostridiales;famXII
Lachnospiraceae
Peptostreptococcaceae
Clostridiales;other
Erysipelotrichaceae
Veillonellaceae
Fusobacteriaceae
Nitrospiraceae
Planctomycetaceae
Bradyrhizobiaceae
Hyphomicrobiaceae
Rhizobiales;MNG7
Phyllobacteriaceae
Rhizobiaceae
Rhodobiaceae
Rhizobiales;other
Rhodobacteraceae
Acetobacteraceae
Rhodospirillaceae
Rhodospirillales_inc_sedis
Rhodospirillales;other
Rickettsiales;SAR116clade
Alphaproteobacteria;SAR11clade;Surface1
Sphingomonadaceae
Alphaproteobacteria;other
Comamonadaceae
Oxalobacteraceae
Neisseriaceae
Desulfobulbaceae
Deltaproteobacteria;NB1-j;unc
Helicobacteraceae
Pseudoalteromonadaceae
Shewanellaceae
Alteromonadales;other
Chromatiaceae
Enterobacteriaceae
Halomonadaceae
Pasteurellaceae
Moraxellaceae
Pseudomonadaceae
Vibrionaceae
JTB255mar_benthic_gr
Xanthomonadaceae
Gammaproteobacteria;other
Spirochaetaceae
Mycoplasmataceae
Verrucomicrobia;OPB35_soil_gr;unc
Chthoniobacterales;other
Verrucomicrobiales;DEV007
Verrucomicrobiaceae
Other_families

Actinomycetaceae
Bifidobacteriaceae
Corynebacteriaceae
Corynebacteriales;Other
Micromonosporaceae
Propionibacteriaceae
Pseudonocardiaceae
Actinobacteria;Other
Rubrobacteriaceae
Bacteroidaceae
Prevotellaceae
Cryomorphaceae
Flavobacteriaceae
Chitinophagaceae
Saprospiraceae
Sphingobacteriales;envOPS17
Caldilineaceae
Cyanobacteria;subsI;famI
Cyanobacteria;subsII;famII
Cyanobacteria;subsIII;famI
Obscuribacterales;unc
Bacillaceae
Bacillales;famXI
Staphylococcaceae
Carnobacteriaceae
Enterococcaceae
Lactobacillaceae
Streptococcaceae
Clostridiaceae1
Clostridiales;famXI
Clostridiales;famXII
Lachnospiraceae
Peptostreptococcaceae
Clostridiales;other
Erysipelotrichaceae
Veillonellaceae
Fusobacteriaceae
Nitrospiraceae
Planctomycetaceae
Bradyrhizobiaceae
Hyphomicrobiaceae
Rhizobiales;MNG7
Phyllobacteriaceae
Rhizobiaceae
Rhodobiaceae
Rhizobiales;other
Rhodobacteraceae
Acetobacteraceae
Rhodospirillaceae
Rhodospirillales_inc_sedis
Rhodospirillales;other
Rickettsiales;SAR116clade
Alphaproteobacteria;SAR11clade;Surface1
Sphingomonadaceae
Alphaproteobacteria;other
Comamonadaceae
Oxalobacteraceae
Neisseriaceae
Desulfobulbaceae
Deltaproteobacteria;NB1-j;unc
Helicobacteraceae
Pseudoalteromonadaceae
Shewanellaceae
Alteromonadales;other
Chromatiaceae
Enterobacteriaceae
Halomonadaceae
Pasteurellaceae
Moraxellaceae
Pseudomonadaceae
Vibrionaceae
JTB255mar_benthic_gr
Xanthomonadaceae
Gammaproteobacteria;other
Spirochaetaceae
Mycoplasmataceae
Verrucomicrobia;OPB35_soil_gr;unc
Chthoniobacterales;other
Verrucomicrobiales;DEV007
Verrucomicrobiaceae
Other_families

Actinomycetaceae
Bifidobacteriaceae
Corynebacteriaceae
Corynebacteriales;Other
Micromonosporaceae
Propionibacteriaceae
Pseudonocardiaceae
Actinobacteria;Other
Rubrobacteriaceae
Bacteroidaceae
Prevotellaceae
Cryomorphaceae
Flavobacteriaceae
Chitinophagaceae
Saprospiraceae
Sphingobacteriales;envOPS17
Caldilineaceae
Cyanobacteria;subsI;famI
Cyanobacteria;subsII;famII
Cyanobacteria;subsIII;famI
Obscuribacterales;unc
Bacillaceae
Bacillales;famXI
Staphylococcaceae
Carnobacteriaceae
Enterococcaceae
Lactobacillaceae
Streptococcaceae
Clostridiaceae1
Clostridiales;famXI
Clostridiales;famXII
Lachnospiraceae
Peptostreptococcaceae
Clostridiales;other
Erysipelotrichaceae
Veillonellaceae
Fusobacteriaceae
Nitrospiraceae
Planctomycetaceae
Bradyrhizobiaceae
Hyphomicrobiaceae
Rhizobiales;MNG7
Phyllobacteriaceae
Rhizobiaceae
Rhodobiaceae
Rhizobiales;other
Rhodobacteraceae
Acetobacteraceae
Rhodospirillaceae
Rhodospirillales_inc_sedis
Rhodospirillales;other
Rickettsiales;SAR116clade
Alphaproteobacteria;SAR11clade;Surface1
Sphingomonadaceae
Alphaproteobacteria;other
Comamonadaceae
Oxalobacteraceae
Neisseriaceae
Desulfobulbaceae
Deltaproteobacteria;NB1-j;unc
Helicobacteraceae
Pseudoalteromonadaceae
Shewanellaceae
Alteromonadales;other
Chromatiaceae
Enterobacteriaceae
Halomonadaceae
Pasteurellaceae
Moraxellaceae
Pseudomonadaceae
Vibrionaceae
JTB255mar_benthic_gr
Xanthomonadaceae
Gammaproteobacteria;other
Spirochaetaceae
Mycoplasmataceae
Verrucomicrobia;OPB35_soil_gr;unc
Chthoniobacterales;other
Verrucomicrobiales;DEV007
Verrucomicrobiaceae
Other_families

Actinomycetaceae
Bifidobacteriaceae
Corynebacteriaceae
Corynebacteriales;Other
Micromonosporaceae
Propionibacteriaceae
Pseudonocardiaceae
Actinobacteria;Other
Rubrobacteriaceae
Bacteroidaceae
Prevotellaceae
Cryomorphaceae
Flavobacteriaceae
Chitinophagaceae
Saprospiraceae
Sphingobacteriales;envOPS17
Caldilineaceae
Cyanobacteria;subsI;famI
Cyanobacteria;subsII;famII
Cyanobacteria;subsIII;famI
Obscuribacterales;unc
Bacillaceae
Bacillales;famXI
Staphylococcaceae
Carnobacteriaceae
Enterococcaceae
Lactobacillaceae
Streptococcaceae
Clostridiaceae1
Clostridiales;famXI
Clostridiales;famXII
Lachnospiraceae
Peptostreptococcaceae
Clostridiales;other
Erysipelotrichaceae
Veillonellaceae
Fusobacteriaceae
Nitrospiraceae
Planctomycetaceae
Bradyrhizobiaceae
Hyphomicrobiaceae
Rhizobiales;MNG7
Phyllobacteriaceae
Rhizobiaceae
Rhodobiaceae
Rhizobiales;other
Rhodobacteraceae
Acetobacteraceae
Rhodospirillaceae
Rhodospirillales_inc_sedis
Rhodospirillales;other
Rickettsiales;SAR116clade
Alphaproteobacteria;SAR11clade;Surface1
Sphingomonadaceae
Alphaproteobacteria;other
Comamonadaceae
Oxalobacteraceae
Neisseriaceae
Desulfobulbaceae
Deltaproteobacteria;NB1-j;unc
Helicobacteraceae
Pseudoalteromonadaceae
Shewanellaceae
Alteromonadales;other
Chromatiaceae
Enterobacteriaceae
Halomonadaceae
Pasteurellaceae
Moraxellaceae
Pseudomonadaceae
Vibrionaceae
JTB255mar_benthic_gr
Xanthomonadaceae
Gammaproteobacteria;other
Spirochaetaceae
Mycoplasmataceae
Verrucomicrobia;OPB35_soil_gr;unc
Chthoniobacterales;other
Verrucomicrobiales;DEV007
Verrucomicrobiaceae
Other_families

Actinomycetaceae
Bifidobacteriaceae
Corynebacteriaceae
Corynebacteriales;Other
Micromonosporaceae
Propionibacteriaceae
Pseudonocardiaceae
Actinobacteria;Other
Rubrobacteriaceae
Bacteroidaceae
Prevotellaceae
Cryomorphaceae
Flavobacteriaceae
Chitinophagaceae
Saprospiraceae
Sphingobacteriales;envOPS17
Caldilineaceae
Cyanobacteria;subsI;famI
Cyanobacteria;subsII;famII
Cyanobacteria;subsIII;famI
Obscuribacterales;unc
Bacillaceae
Bacillales;famXI
Staphylococcaceae
Carnobacteriaceae
Enterococcaceae
Lactobacillaceae
Streptococcaceae
Clostridiaceae1
Clostridiales;famXI
Clostridiales;famXII
Lachnospiraceae
Peptostreptococcaceae
Clostridiales;other
Erysipelotrichaceae
Veillonellaceae
Fusobacteriaceae
Nitrospiraceae
Planctomycetaceae
Bradyrhizobiaceae
Hyphomicrobiaceae
Rhizobiales;MNG7
Phyllobacteriaceae
Rhizobiaceae
Rhodobiaceae
Rhizobiales;other
Rhodobacteraceae
Acetobacteraceae
Rhodospirillaceae
Rhodospirillales_inc_sedis
Rhodospirillales;other
Rickettsiales;SAR116clade
Alphaproteobacteria;SAR11clade;Surface1
Sphingomonadaceae
Alphaproteobacteria;other
Comamonadaceae
Oxalobacteraceae
Neisseriaceae
Desulfobulbaceae
Deltaproteobacteria;NB1-j;unc
Helicobacteraceae
Pseudoalteromonadaceae
Shewanellaceae
Alteromonadales;other
Chromatiaceae
Enterobacteriaceae
Halomonadaceae
Pasteurellaceae
Moraxellaceae
Pseudomonadaceae
Vibrionaceae
JTB255mar_benthic_gr
Xanthomonadaceae
Gammaproteobacteria;other
Spirochaetaceae
Mycoplasmataceae
Verrucomicrobia;OPB35_soil_gr;unc
Chthoniobacterales;other
Verrucomicrobiales;DEV007
Verrucomicrobiaceae
Other_families

Helicobacteraceae 
Pseudoalteromonadaceae 
Shewanellaceae 
Alteromonadales;other 
Halomonadaceae 
Vibrionaceae 
JTB255mar_benthic_gr 
Gammaproptebacteria;other 
Spirochaetaceae 
Verrucomicrobia;OPB35_soil_gr;unc 
Verrucomicrobiales;DEV007 
Verrucomicrobiaceae 
Other_families

Actinomycetaceae
Bifidobacteriaceae
Corynebacteriaceae
Corynebacteriales;Other
Micromonosporaceae
Propionibacteriaceae
Pseudonocardiaceae
Actinobacteria;Other
Rubrobacteriaceae
Bacteroidaceae
Prevotellaceae
Cryomorphaceae
Flavobacteriaceae
Chitinophagaceae
Saprospiraceae
Sphingobacteriales;envOPS17
Caldilineaceae
Cyanobacteria;subsI;famI
Cyanobacteria;subsII;famII
Cyanobacteria;subsIII;famI
Obscuribacterales;unc
Bacillaceae
Bacillales;famXI
Staphylococcaceae
Carnobacteriaceae
Enterococcaceae
Lactobacillaceae
Streptococcaceae
Clostridiaceae1
Clostridiales;famXI
Clostridiales;famXII
Lachnospiraceae
Peptostreptococcaceae
Clostridiales;other
Erysipelotrichaceae
Veillonellaceae
Fusobacteriaceae
Nitrospiraceae
Planctomycetaceae
Bradyrhizobiaceae
Hyphomicrobiaceae
Rhizobiales;MNG7
Phyllobacteriaceae
Rhizobiaceae
Rhodobiaceae
Rhizobiales;other
Rhodobacteraceae
Acetobacteraceae
Rhodospirillaceae
Rhodospirillales_inc_sedis
Rhodospirillales;other
Rickettsiales;SAR116clade
Alphaproteobacteria;SAR11clade;Surface1
Sphingomonadaceae
Alphaproteobacteria;other
Comamonadaceae
Oxalobacteraceae
Neisseriaceae
Desulfobulbaceae
Deltaproteobacteria;NB1-j;unc
Helicobacteraceae
Pseudoalteromonadaceae
Shewanellaceae
Alteromonadales;other
Chromatiaceae
Enterobacteriaceae
Halomonadaceae
Pasteurellaceae
Moraxellaceae
Pseudomonadaceae
Vibrionaceae
JTB255mar_benthic_gr
Xanthomonadaceae
Gammaproteobacteria;other
Spirochaetaceae
Mycoplasmataceae
Verrucomicrobia;OPB35_soil_gr;unc
Chthoniobacterales;other
Verrucomicrobiales;DEV007
Verrucomicrobiaceae
Other_families

Actinomycetaceae
Bifidobacteriaceae
Corynebacteriaceae
Corynebacteriales;Other
Micromonosporaceae
Propionibacteriaceae
Pseudonocardiaceae
Actinobacteria;Other
Rubrobacteriaceae
Bacteroidaceae
Prevotellaceae
Cryomorphaceae
Flavobacteriaceae
Chitinophagaceae
Saprospiraceae
Sphingobacteriales;envOPS17
Caldilineaceae
Cyanobacteria;subsI;famI
Cyanobacteria;subsII;famII
Cyanobacteria;subsIII;famI
Obscuribacterales;unc
Bacillaceae
Bacillales;famXI
Staphylococcaceae
Carnobacteriaceae
Enterococcaceae
Lactobacillaceae
Streptococcaceae
Clostridiaceae1
Clostridiales;famXI
Clostridiales;famXII
Lachnospiraceae
Peptostreptococcaceae
Clostridiales;other
Erysipelotrichaceae
Veillonellaceae
Fusobacteriaceae
Nitrospiraceae
Planctomycetaceae
Bradyrhizobiaceae
Hyphomicrobiaceae
Rhizobiales;MNG7
Phyllobacteriaceae
Rhizobiaceae
Rhodobiaceae
Rhizobiales;other
Rhodobacteraceae
Acetobacteraceae
Rhodospirillaceae
Rhodospirillales_inc_sedis
Rhodospirillales;other
Rickettsiales;SAR116clade
Alphaproteobacteria;SAR11clade;Surface1
Sphingomonadaceae
Alphaproteobacteria;other
Comamonadaceae
Oxalobacteraceae
Neisseriaceae
Desulfobulbaceae
Deltaproteobacteria;NB1-j;unc
Helicobacteraceae
Pseudoalteromonadaceae
Shewanellaceae
Alteromonadales;other
Chromatiaceae
Enterobacteriaceae
Halomonadaceae
Pasteurellaceae
Moraxellaceae
Pseudomonadaceae
Vibrionaceae
JTB255mar_benthic_gr
Xanthomonadaceae
Gammaproteobacteria;other
Spirochaetaceae
Mycoplasmataceae
Verrucomicrobia;OPB35_soil_gr;unc
Chthoniobacterales;other
Verrucomicrobiales;DEV007
Verrucomicrobiaceae
Other_families

Actinomycetaceae
Bifidobacteriaceae
Corynebacteriaceae
Corynebacteriales;Other
Micromonosporaceae
Propionibacteriaceae
Pseudonocardiaceae
Actinobacteria;Other
Rubrobacteriaceae
Bacteroidaceae
Prevotellaceae
Cryomorphaceae
Flavobacteriaceae
Chitinophagaceae
Saprospiraceae
Sphingobacteriales;envOPS17
Caldilineaceae
Cyanobacteria;subsI;famI
Cyanobacteria;subsII;famII
Cyanobacteria;subsIII;famI
Obscuribacterales;unc
Bacillaceae
Bacillales;famXI
Staphylococcaceae
Carnobacteriaceae
Enterococcaceae
Lactobacillaceae
Streptococcaceae
Clostridiaceae1
Clostridiales;famXI
Clostridiales;famXII
Lachnospiraceae
Peptostreptococcaceae
Clostridiales;other
Erysipelotrichaceae
Veillonellaceae
Fusobacteriaceae
Nitrospiraceae
Planctomycetaceae
Bradyrhizobiaceae
Hyphomicrobiaceae
Rhizobiales;MNG7
Phyllobacteriaceae
Rhizobiaceae
Rhodobiaceae
Rhizobiales;other
Rhodobacteraceae
Acetobacteraceae
Rhodospirillaceae
Rhodospirillales_inc_sedis
Rhodospirillales;other
Rickettsiales;SAR116clade
Alphaproteobacteria;SAR11clade;Surface1
Sphingomonadaceae
Alphaproteobacteria;other
Comamonadaceae
Oxalobacteraceae
Neisseriaceae
Desulfobulbaceae
Deltaproteobacteria;NB1-j;unc
Helicobacteraceae
Pseudoalteromonadaceae
Shewanellaceae
Alteromonadales;other
Chromatiaceae
Enterobacteriaceae
Halomonadaceae
Pasteurellaceae
Moraxellaceae
Pseudomonadaceae
Vibrionaceae
JTB255mar_benthic_gr
Xanthomonadaceae
Gammaproteobacteria;other
Spirochaetaceae
Mycoplasmataceae
Verrucomicrobia;OPB35_soil_gr;unc
Chthoniobacterales;other
Verrucomicrobiales;DEV007
Verrucomicrobiaceae
Other_families

Actinomycetaceae
Bifidobacteriaceae
Corynebacteriaceae
Corynebacteriales;Other
Micromonosporaceae
Propionibacteriaceae
Pseudonocardiaceae
Actinobacteria;Other
Rubrobacteriaceae
Bacteroidaceae
Prevotellaceae
Cryomorphaceae
Flavobacteriaceae
Chitinophagaceae
Saprospiraceae
Sphingobacteriales;envOPS17
Caldilineaceae
Cyanobacteria;subsI;famI
Cyanobacteria;subsII;famII
Cyanobacteria;subsIII;famI
Obscuribacterales;unc
Bacillaceae
Bacillales;famXI
Staphylococcaceae
Carnobacteriaceae
Enterococcaceae
Lactobacillaceae
Streptococcaceae
Clostridiaceae1
Clostridiales;famXI
Clostridiales;famXII
Lachnospiraceae
Peptostreptococcaceae
Clostridiales;other
Erysipelotrichaceae
Veillonellaceae
Fusobacteriaceae
Nitrospiraceae
Planctomycetaceae
Bradyrhizobiaceae
Hyphomicrobiaceae
Rhizobiales;MNG7
Phyllobacteriaceae
Rhizobiaceae
Rhodobiaceae
Rhizobiales;other
Rhodobacteraceae
Acetobacteraceae
Rhodospirillaceae
Rhodospirillales_inc_sedis
Rhodospirillales;other
Rickettsiales;SAR116clade
Alphaproteobacteria;SAR11clade;Surface1
Sphingomonadaceae
Alphaproteobacteria;other
Comamonadaceae
Oxalobacteraceae
Neisseriaceae
Desulfobulbaceae
Deltaproteobacteria;NB1-j;unc
Helicobacteraceae
Pseudoalteromonadaceae
Shewanellaceae
Alteromonadales;other
Chromatiaceae
Enterobacteriaceae
Halomonadaceae
Pasteurellaceae
Moraxellaceae
Pseudomonadaceae
Vibrionaceae
JTB255mar_benthic_gr
Xanthomonadaceae
Gammaproteobacteria;other
Spirochaetaceae
Mycoplasmataceae
Verrucomicrobia;OPB35_soil_gr;unc
Chthoniobacterales;other
Verrucomicrobiales;DEV007
Verrucomicrobiaceae
Other_families

Actinomycetaceae
Bifidobacteriaceae
Corynebacteriaceae
Corynebacteriales;Other
Micromonosporaceae
Propionibacteriaceae
Pseudonocardiaceae
Actinobacteria;Other
Rubrobacteriaceae
Bacteroidaceae
Prevotellaceae
Cryomorphaceae
Flavobacteriaceae
Chitinophagaceae
Saprospiraceae
Sphingobacteriales;envOPS17
Caldilineaceae
Cyanobacteria;subsI;famI
Cyanobacteria;subsII;famII
Cyanobacteria;subsIII;famI
Obscuribacterales;unc
Bacillaceae
Bacillales;famXI
Staphylococcaceae
Carnobacteriaceae
Enterococcaceae
Lactobacillaceae
Streptococcaceae
Clostridiaceae1
Clostridiales;famXI
Clostridiales;famXII
Lachnospiraceae
Peptostreptococcaceae
Clostridiales;other
Erysipelotrichaceae
Veillonellaceae
Fusobacteriaceae
Nitrospiraceae
Planctomycetaceae
Bradyrhizobiaceae
Hyphomicrobiaceae
Rhizobiales;MNG7
Phyllobacteriaceae
Rhizobiaceae
Rhodobiaceae
Rhizobiales;other
Rhodobacteraceae
Acetobacteraceae
Rhodospirillaceae
Rhodospirillales_inc_sedis
Rhodospirillales;other
Rickettsiales;SAR116clade
Alphaproteobacteria;SAR11clade;Surface1
Sphingomonadaceae
Alphaproteobacteria;other
Comamonadaceae
Oxalobacteraceae
Neisseriaceae
Desulfobulbaceae
Deltaproteobacteria;NB1-j;unc
Helicobacteraceae
Pseudoalteromonadaceae
Shewanellaceae
Alteromonadales;other
Chromatiaceae
Enterobacteriaceae
Halomonadaceae
Pasteurellaceae
Moraxellaceae
Pseudomonadaceae
Vibrionaceae
JTB255mar_benthic_gr
Xanthomonadaceae
Gammaproteobacteria;other
Spirochaetaceae
Mycoplasmataceae
Verrucomicrobia;OPB35_soil_gr;unc
Chthoniobacterales;other
Verrucomicrobiales;DEV007
Verrucomicrobiaceae
Other_families

Actinomycetaceae
Bifidobacteriaceae
Corynebacteriaceae
Corynebacteriales;Other
Micromonosporaceae
Propionibacteriaceae
Pseudonocardiaceae
Actinobacteria;Other
Rubrobacteriaceae
Bacteroidaceae
Prevotellaceae
Cryomorphaceae
Flavobacteriaceae
Chitinophagaceae
Saprospiraceae
Sphingobacteriales;envOPS17
Caldilineaceae
Cyanobacteria;subsI;famI
Cyanobacteria;subsII;famII
Cyanobacteria;subsIII;famI
Obscuribacterales;unc
Bacillaceae
Bacillales;famXI
Staphylococcaceae
Carnobacteriaceae
Enterococcaceae
Lactobacillaceae
Streptococcaceae
Clostridiaceae1
Clostridiales;famXI
Clostridiales;famXII
Lachnospiraceae
Peptostreptococcaceae
Clostridiales;other
Erysipelotrichaceae
Veillonellaceae
Fusobacteriaceae
Nitrospiraceae
Planctomycetaceae
Bradyrhizobiaceae
Hyphomicrobiaceae
Rhizobiales;MNG7
Phyllobacteriaceae
Rhizobiaceae
Rhodobiaceae
Rhizobiales;other
Rhodobacteraceae
Acetobacteraceae
Rhodospirillaceae
Rhodospirillales_inc_sedis
Rhodospirillales;other
Rickettsiales;SAR116clade
Alphaproteobacteria;SAR11clade;Surface1
Sphingomonadaceae
Alphaproteobacteria;other
Comamonadaceae
Oxalobacteraceae
Neisseriaceae
Desulfobulbaceae
Deltaproteobacteria;NB1-j;unc
Helicobacteraceae
Pseudoalteromonadaceae
Shewanellaceae
Alteromonadales;other
Chromatiaceae
Enterobacteriaceae
Halomonadaceae
Pasteurellaceae
Moraxellaceae
Pseudomonadaceae
Vibrionaceae
JTB255mar_benthic_gr
Xanthomonadaceae
Gammaproteobacteria;other
Spirochaetaceae
Mycoplasmataceae
Verrucomicrobia;OPB35_soil_gr;unc
Chthoniobacterales;other
Verrucomicrobiales;DEV007
Verrucomicrobiaceae
Other_families

Acidobacteria
Actinobacteria
Aminicenantes
Armatimonadetes
Bacteroidetes
Chlamydiae
Chlorobi
Chloroflexi
Cyanobacteria
Deinococcus-Thermus
Firmicutes
Fusobacteria
Gemmatimonadetes
Gracilibacteria
Hydrogenedentes
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Figure S6 - Pie charts summarizing the phyla (A) and family (B) level microbiota composiOon of sediment samples in 

the two sampling sites. Phyla with relaOve abundance > 0.5% in at least one sample and families with relaOve 

abundance > 2% in at least 10% of samples are represented. Proteobacteria classes are expanded on the respecOve 

pie chart phylum slice. Subs = subset; fam = family; unc = uncultured; inc = incertae; mar =marine; gr = group.
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Supplementary figure S2 - Pie charts summarizing the phylum (A) and family (B) level microbiota composition of seawater samples in the two sampling 
sites. Phyla with relative abundance > 0.5% in at least one sample and families with relative abundance > 2% in at least 10% of samples are represented. 
Proteobacteria classes are expanded on the respective pie chart phylum slice. subs=subset; fam=family; unc=uncultured; inc=incertae; mar=marine; 
gr=group.
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Figure S7 - Pie charts summarizing the phyla (A) and family (B) level microbiota composiOon of seawater samples in 

the two sampling sites. Phyla with relaOve abundance > 0.5% in at least one sample and families with relaOve 

abundance > 2% in at least 10% of samples are represented. Proteobacteria classes are expanded on the respecOve 

pie chart phylum slice. Subs = subset; fam = family; unc = uncultured; inc = incertae; mar =marine; gr = group.
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Supplementary figure S3 - Pie charts summarizing the phylum (A) and family (B) level microbiota composition of S. aurata samples in the three fish 
districts (feces, gills and skin). Phyla with relative abundance > 0.5% in at least one sample and families with relative abundance > 2% in at least 10% of 
samples are represented. Proteobacteria classes are expanded on the respective pie chart phylum slice. subs=subset; fam=family; unc=uncultured; 
inc=incertae; mar=marine; gr=group.

Actinomycetaceae
Bifidobacteriaceae
Corynebacteriaceae
Corynebacteriales;Other
Micromonosporaceae
Propionibacteriaceae
Pseudonocardiaceae
Actinobacteria;Other
Rubrobacteriaceae
Bacteroidaceae
Prevotellaceae
Cryomorphaceae
Flavobacteriaceae
Chitinophagaceae
Saprospiraceae
Sphingobacteriales;envOPS17
Caldilineaceae
Cyanobacteria;subsI;famI
Cyanobacteria;subsII;famII
Cyanobacteria;subsIII;famI
Obscuribacterales;unc
Bacillaceae
Bacillales;famXI
Staphylococcaceae
Carnobacteriaceae
Enterococcaceae
Lactobacillaceae
Streptococcaceae
Clostridiaceae1
Clostridiales;famXI
Clostridiales;famXII
Lachnospiraceae
Peptostreptococcaceae
Clostridiales;other
Erysipelotrichaceae
Veillonellaceae
Fusobacteriaceae
Nitrospiraceae
Planctomycetaceae
Bradyrhizobiaceae
Hyphomicrobiaceae
Rhizobiales;MNG7
Phyllobacteriaceae
Rhizobiaceae
Rhodobiaceae
Rhizobiales;other
Rhodobacteraceae
Acetobacteraceae
Rhodospirillaceae
Rhodospirillales_inc_sedis
Rhodospirillales;other
Rickettsiales;SAR116clade
Alphaproteobacteria;SAR11clade;Surface1
Sphingomonadaceae
Alphaproteobacteria;other
Comamonadaceae
Oxalobacteraceae
Neisseriaceae
Desulfobulbaceae
Deltaproteobacteria;NB1-j;unc
Helicobacteraceae
Pseudoalteromonadaceae
Shewanellaceae
Alteromonadales;other
Chromatiaceae
Enterobacteriaceae
Halomonadaceae
Pasteurellaceae
Moraxellaceae
Pseudomonadaceae
Vibrionaceae
JTB255mar_benthic_gr
Xanthomonadaceae
Gammaproteobacteria;other
Spirochaetaceae
Mycoplasmataceae
Verrucomicrobia;OPB35_soil_gr;unc
Chthoniobacterales;other
Verrucomicrobiales;DEV007
Verrucomicrobiaceae
Other_families

Actinomycetaceae 
Bifidobacteriaceae 
Corynebacteriaceae 
Corynebacteriales;other 
Micromonosporaceae 
Propionibacteriaceae 
Pseudonocardiaceae 
Actinobacteria;other 
Bacteroidaceae 
Prevotellaceae 
Flavobacteriaceae 
Chitinophagaceae 
Saprospiraceae 
Sphingobacteriales;envOPS17 
Caldilineaceae 
Cyanobacteria;subsI;famI 
Cyanobacteria;subsIII;famI 
Obscuribacterales;unc 
Bacillaceae 
Bacillales;famXI 
Staphylococcaceae 
Carnobacteriaceae 
Enterococcaceae

Actinomycetaceae
Bifidobacteriaceae
Corynebacteriaceae
Corynebacteriales;Other
Micromonosporaceae
Propionibacteriaceae
Pseudonocardiaceae
Actinobacteria;Other
Rubrobacteriaceae
Bacteroidaceae
Prevotellaceae
Cryomorphaceae
Flavobacteriaceae
Chitinophagaceae
Saprospiraceae
Sphingobacteriales;envOPS17
Caldilineaceae
Cyanobacteria;subsI;famI
Cyanobacteria;subsII;famII
Cyanobacteria;subsIII;famI
Obscuribacterales;unc
Bacillaceae
Bacillales;famXI
Staphylococcaceae
Carnobacteriaceae
Enterococcaceae
Lactobacillaceae
Streptococcaceae
Clostridiaceae1
Clostridiales;famXI
Clostridiales;famXII
Lachnospiraceae
Peptostreptococcaceae
Clostridiales;other
Erysipelotrichaceae
Veillonellaceae
Fusobacteriaceae
Nitrospiraceae
Planctomycetaceae
Bradyrhizobiaceae
Hyphomicrobiaceae
Rhizobiales;MNG7
Phyllobacteriaceae
Rhizobiaceae
Rhodobiaceae
Rhizobiales;other
Rhodobacteraceae
Acetobacteraceae
Rhodospirillaceae
Rhodospirillales_inc_sedis
Rhodospirillales;other
Rickettsiales;SAR116clade
Alphaproteobacteria;SAR11clade;Surface1
Sphingomonadaceae
Alphaproteobacteria;other
Comamonadaceae
Oxalobacteraceae
Neisseriaceae
Desulfobulbaceae
Deltaproteobacteria;NB1-j;unc
Helicobacteraceae
Pseudoalteromonadaceae
Shewanellaceae
Alteromonadales;other
Chromatiaceae
Enterobacteriaceae
Halomonadaceae
Pasteurellaceae
Moraxellaceae
Pseudomonadaceae
Vibrionaceae
JTB255mar_benthic_gr
Xanthomonadaceae
Gammaproteobacteria;other
Spirochaetaceae
Mycoplasmataceae
Verrucomicrobia;OPB35_soil_gr;unc
Chthoniobacterales;other
Verrucomicrobiales;DEV007
Verrucomicrobiaceae
Other_families

Actinomycetaceae
Bifidobacteriaceae
Corynebacteriaceae
Corynebacteriales;Other
Micromonosporaceae
Propionibacteriaceae
Pseudonocardiaceae
Actinobacteria;Other
Rubrobacteriaceae
Bacteroidaceae
Prevotellaceae
Cryomorphaceae
Flavobacteriaceae
Chitinophagaceae
Saprospiraceae
Sphingobacteriales;envOPS17
Caldilineaceae
Cyanobacteria;subsI;famI
Cyanobacteria;subsII;famII
Cyanobacteria;subsIII;famI
Obscuribacterales;unc
Bacillaceae
Bacillales;famXI
Staphylococcaceae
Carnobacteriaceae
Enterococcaceae
Lactobacillaceae
Streptococcaceae
Clostridiaceae1
Clostridiales;famXI
Clostridiales;famXII
Lachnospiraceae
Peptostreptococcaceae
Clostridiales;other
Erysipelotrichaceae
Veillonellaceae
Fusobacteriaceae
Nitrospiraceae
Planctomycetaceae
Bradyrhizobiaceae
Hyphomicrobiaceae
Rhizobiales;MNG7
Phyllobacteriaceae
Rhizobiaceae
Rhodobiaceae
Rhizobiales;other
Rhodobacteraceae
Acetobacteraceae
Rhodospirillaceae
Rhodospirillales_inc_sedis
Rhodospirillales;other
Rickettsiales;SAR116clade
Alphaproteobacteria;SAR11clade;Surface1
Sphingomonadaceae
Alphaproteobacteria;other
Comamonadaceae
Oxalobacteraceae
Neisseriaceae
Desulfobulbaceae
Deltaproteobacteria;NB1-j;unc
Helicobacteraceae
Pseudoalteromonadaceae
Shewanellaceae
Alteromonadales;other
Chromatiaceae
Enterobacteriaceae
Halomonadaceae
Pasteurellaceae
Moraxellaceae
Pseudomonadaceae
Vibrionaceae
JTB255mar_benthic_gr
Xanthomonadaceae
Gammaproteobacteria;other
Spirochaetaceae
Mycoplasmataceae
Verrucomicrobia;OPB35_soil_gr;unc
Chthoniobacterales;other
Verrucomicrobiales;DEV007
Verrucomicrobiaceae
Other_families

Actinomycetaceae
Bifidobacteriaceae
Corynebacteriaceae
Corynebacteriales;Other
Micromonosporaceae
Propionibacteriaceae
Pseudonocardiaceae
Actinobacteria;Other
Rubrobacteriaceae
Bacteroidaceae
Prevotellaceae
Cryomorphaceae
Flavobacteriaceae
Chitinophagaceae
Saprospiraceae
Sphingobacteriales;envOPS17
Caldilineaceae
Cyanobacteria;subsI;famI
Cyanobacteria;subsII;famII
Cyanobacteria;subsIII;famI
Obscuribacterales;unc
Bacillaceae
Bacillales;famXI
Staphylococcaceae
Carnobacteriaceae
Enterococcaceae
Lactobacillaceae
Streptococcaceae
Clostridiaceae1
Clostridiales;famXI
Clostridiales;famXII
Lachnospiraceae
Peptostreptococcaceae
Clostridiales;other
Erysipelotrichaceae
Veillonellaceae
Fusobacteriaceae
Nitrospiraceae
Planctomycetaceae
Bradyrhizobiaceae
Hyphomicrobiaceae
Rhizobiales;MNG7
Phyllobacteriaceae
Rhizobiaceae
Rhodobiaceae
Rhizobiales;other
Rhodobacteraceae
Acetobacteraceae
Rhodospirillaceae
Rhodospirillales_inc_sedis
Rhodospirillales;other
Rickettsiales;SAR116clade
Alphaproteobacteria;SAR11clade;Surface1
Sphingomonadaceae
Alphaproteobacteria;other
Comamonadaceae
Oxalobacteraceae
Neisseriaceae
Desulfobulbaceae
Deltaproteobacteria;NB1-j;unc
Helicobacteraceae
Pseudoalteromonadaceae
Shewanellaceae
Alteromonadales;other
Chromatiaceae
Enterobacteriaceae
Halomonadaceae
Pasteurellaceae
Moraxellaceae
Pseudomonadaceae
Vibrionaceae
JTB255mar_benthic_gr
Xanthomonadaceae
Gammaproteobacteria;other
Spirochaetaceae
Mycoplasmataceae
Verrucomicrobia;OPB35_soil_gr;unc
Chthoniobacterales;other
Verrucomicrobiales;DEV007
Verrucomicrobiaceae
Other_families

Actinomycetaceae
Bifidobacteriaceae
Corynebacteriaceae
Corynebacteriales;Other
Micromonosporaceae
Propionibacteriaceae
Pseudonocardiaceae
Actinobacteria;Other
Rubrobacteriaceae
Bacteroidaceae
Prevotellaceae
Cryomorphaceae
Flavobacteriaceae
Chitinophagaceae
Saprospiraceae
Sphingobacteriales;envOPS17
Caldilineaceae
Cyanobacteria;subsI;famI
Cyanobacteria;subsII;famII
Cyanobacteria;subsIII;famI
Obscuribacterales;unc
Bacillaceae
Bacillales;famXI
Staphylococcaceae
Carnobacteriaceae
Enterococcaceae
Lactobacillaceae
Streptococcaceae
Clostridiaceae1
Clostridiales;famXI
Clostridiales;famXII
Lachnospiraceae
Peptostreptococcaceae
Clostridiales;other
Erysipelotrichaceae
Veillonellaceae
Fusobacteriaceae
Nitrospiraceae
Planctomycetaceae
Bradyrhizobiaceae
Hyphomicrobiaceae
Rhizobiales;MNG7
Phyllobacteriaceae
Rhizobiaceae
Rhodobiaceae
Rhizobiales;other
Rhodobacteraceae
Acetobacteraceae
Rhodospirillaceae
Rhodospirillales_inc_sedis
Rhodospirillales;other
Rickettsiales;SAR116clade
Alphaproteobacteria;SAR11clade;Surface1
Sphingomonadaceae
Alphaproteobacteria;other
Comamonadaceae
Oxalobacteraceae
Neisseriaceae
Desulfobulbaceae
Deltaproteobacteria;NB1-j;unc
Helicobacteraceae
Pseudoalteromonadaceae
Shewanellaceae
Alteromonadales;other
Chromatiaceae
Enterobacteriaceae
Halomonadaceae
Pasteurellaceae
Moraxellaceae
Pseudomonadaceae
Vibrionaceae
JTB255mar_benthic_gr
Xanthomonadaceae
Gammaproteobacteria;other
Spirochaetaceae
Mycoplasmataceae
Verrucomicrobia;OPB35_soil_gr;unc
Chthoniobacterales;other
Verrucomicrobiales;DEV007
Verrucomicrobiaceae
Other_families

Lactobacillaceae 
Streptococcaceae 
Clostridiaceae1 
Clostridiales;famXI 
Lachnospiraceaea 
Peptostreptococcaceae 
Clostridiales;other 
Erysipelotrichaceae 
Veillonellaceae 
Fusobacteriaceae 
Nitrospiraceae 
Planctomycetaceae 
Bradyrhizobiaceae 
Hyphomicrobiaceae 
Rhizobiales;MNG7 
Phyllobacteriaceae 
Rhizobiaceae 
Rhizobiales;other 
Rhodobacteraceae 
Acetobacteraceae 
Rhodospirillaceae 
Rhodospirillales;inc_sedis 
Sphingomonadaceae

Actinomycetaceae
Bifidobacteriaceae
Corynebacteriaceae
Corynebacteriales;Other
Micromonosporaceae
Propionibacteriaceae
Pseudonocardiaceae
Actinobacteria;Other
Rubrobacteriaceae
Bacteroidaceae
Prevotellaceae
Cryomorphaceae
Flavobacteriaceae
Chitinophagaceae
Saprospiraceae
Sphingobacteriales;envOPS17
Caldilineaceae
Cyanobacteria;subsI;famI
Cyanobacteria;subsII;famII
Cyanobacteria;subsIII;famI
Obscuribacterales;unc
Bacillaceae
Bacillales;famXI
Staphylococcaceae
Carnobacteriaceae
Enterococcaceae
Lactobacillaceae
Streptococcaceae
Clostridiaceae1
Clostridiales;famXI
Clostridiales;famXII
Lachnospiraceae
Peptostreptococcaceae
Clostridiales;other
Erysipelotrichaceae
Veillonellaceae
Fusobacteriaceae
Nitrospiraceae
Planctomycetaceae
Bradyrhizobiaceae
Hyphomicrobiaceae
Rhizobiales;MNG7
Phyllobacteriaceae
Rhizobiaceae
Rhodobiaceae
Rhizobiales;other
Rhodobacteraceae
Acetobacteraceae
Rhodospirillaceae
Rhodospirillales_inc_sedis
Rhodospirillales;other
Rickettsiales;SAR116clade
Alphaproteobacteria;SAR11clade;Surface1
Sphingomonadaceae
Alphaproteobacteria;other
Comamonadaceae
Oxalobacteraceae
Neisseriaceae
Desulfobulbaceae
Deltaproteobacteria;NB1-j;unc
Helicobacteraceae
Pseudoalteromonadaceae
Shewanellaceae
Alteromonadales;other
Chromatiaceae
Enterobacteriaceae
Halomonadaceae
Pasteurellaceae
Moraxellaceae
Pseudomonadaceae
Vibrionaceae
JTB255mar_benthic_gr
Xanthomonadaceae
Gammaproteobacteria;other
Spirochaetaceae
Mycoplasmataceae
Verrucomicrobia;OPB35_soil_gr;unc
Chthoniobacterales;other
Verrucomicrobiales;DEV007
Verrucomicrobiaceae
Other_families

Actinomycetaceae
Bifidobacteriaceae
Corynebacteriaceae
Corynebacteriales;Other
Micromonosporaceae
Propionibacteriaceae
Pseudonocardiaceae
Actinobacteria;Other
Rubrobacteriaceae
Bacteroidaceae
Prevotellaceae
Cryomorphaceae
Flavobacteriaceae
Chitinophagaceae
Saprospiraceae
Sphingobacteriales;envOPS17
Caldilineaceae
Cyanobacteria;subsI;famI
Cyanobacteria;subsII;famII
Cyanobacteria;subsIII;famI
Obscuribacterales;unc
Bacillaceae
Bacillales;famXI
Staphylococcaceae
Carnobacteriaceae
Enterococcaceae
Lactobacillaceae
Streptococcaceae
Clostridiaceae1
Clostridiales;famXI
Clostridiales;famXII
Lachnospiraceae
Peptostreptococcaceae
Clostridiales;other
Erysipelotrichaceae
Veillonellaceae
Fusobacteriaceae
Nitrospiraceae
Planctomycetaceae
Bradyrhizobiaceae
Hyphomicrobiaceae
Rhizobiales;MNG7
Phyllobacteriaceae
Rhizobiaceae
Rhodobiaceae
Rhizobiales;other
Rhodobacteraceae
Acetobacteraceae
Rhodospirillaceae
Rhodospirillales_inc_sedis
Rhodospirillales;other
Rickettsiales;SAR116clade
Alphaproteobacteria;SAR11clade;Surface1
Sphingomonadaceae
Alphaproteobacteria;other
Comamonadaceae
Oxalobacteraceae
Neisseriaceae
Desulfobulbaceae
Deltaproteobacteria;NB1-j;unc
Helicobacteraceae
Pseudoalteromonadaceae
Shewanellaceae
Alteromonadales;other
Chromatiaceae
Enterobacteriaceae
Halomonadaceae
Pasteurellaceae
Moraxellaceae
Pseudomonadaceae
Vibrionaceae
JTB255mar_benthic_gr
Xanthomonadaceae
Gammaproteobacteria;other
Spirochaetaceae
Mycoplasmataceae
Verrucomicrobia;OPB35_soil_gr;unc
Chthoniobacterales;other
Verrucomicrobiales;DEV007
Verrucomicrobiaceae
Other_families

Actinomycetaceae
Bifidobacteriaceae
Corynebacteriaceae
Corynebacteriales;Other
Micromonosporaceae
Propionibacteriaceae
Pseudonocardiaceae
Actinobacteria;Other
Rubrobacteriaceae
Bacteroidaceae
Prevotellaceae
Cryomorphaceae
Flavobacteriaceae
Chitinophagaceae
Saprospiraceae
Sphingobacteriales;envOPS17
Caldilineaceae
Cyanobacteria;subsI;famI
Cyanobacteria;subsII;famII
Cyanobacteria;subsIII;famI
Obscuribacterales;unc
Bacillaceae
Bacillales;famXI
Staphylococcaceae
Carnobacteriaceae
Enterococcaceae
Lactobacillaceae
Streptococcaceae
Clostridiaceae1
Clostridiales;famXI
Clostridiales;famXII
Lachnospiraceae
Peptostreptococcaceae
Clostridiales;other
Erysipelotrichaceae
Veillonellaceae
Fusobacteriaceae
Nitrospiraceae
Planctomycetaceae
Bradyrhizobiaceae
Hyphomicrobiaceae
Rhizobiales;MNG7
Phyllobacteriaceae
Rhizobiaceae
Rhodobiaceae
Rhizobiales;other
Rhodobacteraceae
Acetobacteraceae
Rhodospirillaceae
Rhodospirillales_inc_sedis
Rhodospirillales;other
Rickettsiales;SAR116clade
Alphaproteobacteria;SAR11clade;Surface1
Sphingomonadaceae
Alphaproteobacteria;other
Comamonadaceae
Oxalobacteraceae
Neisseriaceae
Desulfobulbaceae
Deltaproteobacteria;NB1-j;unc
Helicobacteraceae
Pseudoalteromonadaceae
Shewanellaceae
Alteromonadales;other
Chromatiaceae
Enterobacteriaceae
Halomonadaceae
Pasteurellaceae
Moraxellaceae
Pseudomonadaceae
Vibrionaceae
JTB255mar_benthic_gr
Xanthomonadaceae
Gammaproteobacteria;other
Spirochaetaceae
Mycoplasmataceae
Verrucomicrobia;OPB35_soil_gr;unc
Chthoniobacterales;other
Verrucomicrobiales;DEV007
Verrucomicrobiaceae
Other_families

Actinomycetaceae
Bifidobacteriaceae
Corynebacteriaceae
Corynebacteriales;Other
Micromonosporaceae
Propionibacteriaceae
Pseudonocardiaceae
Actinobacteria;Other
Rubrobacteriaceae
Bacteroidaceae
Prevotellaceae
Cryomorphaceae
Flavobacteriaceae
Chitinophagaceae
Saprospiraceae
Sphingobacteriales;envOPS17
Caldilineaceae
Cyanobacteria;subsI;famI
Cyanobacteria;subsII;famII
Cyanobacteria;subsIII;famI
Obscuribacterales;unc
Bacillaceae
Bacillales;famXI
Staphylococcaceae
Carnobacteriaceae
Enterococcaceae
Lactobacillaceae
Streptococcaceae
Clostridiaceae1
Clostridiales;famXI
Clostridiales;famXII
Lachnospiraceae
Peptostreptococcaceae
Clostridiales;other
Erysipelotrichaceae
Veillonellaceae
Fusobacteriaceae
Nitrospiraceae
Planctomycetaceae
Bradyrhizobiaceae
Hyphomicrobiaceae
Rhizobiales;MNG7
Phyllobacteriaceae
Rhizobiaceae
Rhodobiaceae
Rhizobiales;other
Rhodobacteraceae
Acetobacteraceae
Rhodospirillaceae
Rhodospirillales_inc_sedis
Rhodospirillales;other
Rickettsiales;SAR116clade
Alphaproteobacteria;SAR11clade;Surface1
Sphingomonadaceae
Alphaproteobacteria;other
Comamonadaceae
Oxalobacteraceae
Neisseriaceae
Desulfobulbaceae
Deltaproteobacteria;NB1-j;unc
Helicobacteraceae
Pseudoalteromonadaceae
Shewanellaceae
Alteromonadales;other
Chromatiaceae
Enterobacteriaceae
Halomonadaceae
Pasteurellaceae
Moraxellaceae
Pseudomonadaceae
Vibrionaceae
JTB255mar_benthic_gr
Xanthomonadaceae
Gammaproteobacteria;other
Spirochaetaceae
Mycoplasmataceae
Verrucomicrobia;OPB35_soil_gr;unc
Chthoniobacterales;other
Verrucomicrobiales;DEV007
Verrucomicrobiaceae
Other_families

Actinomycetaceae
Bifidobacteriaceae
Corynebacteriaceae
Corynebacteriales;Other
Micromonosporaceae
Propionibacteriaceae
Pseudonocardiaceae
Actinobacteria;Other
Rubrobacteriaceae
Bacteroidaceae
Prevotellaceae
Cryomorphaceae
Flavobacteriaceae
Chitinophagaceae
Saprospiraceae
Sphingobacteriales;envOPS17
Caldilineaceae
Cyanobacteria;subsI;famI
Cyanobacteria;subsII;famII
Cyanobacteria;subsIII;famI
Obscuribacterales;unc
Bacillaceae
Bacillales;famXI
Staphylococcaceae
Carnobacteriaceae
Enterococcaceae
Lactobacillaceae
Streptococcaceae
Clostridiaceae1
Clostridiales;famXI
Clostridiales;famXII
Lachnospiraceae
Peptostreptococcaceae
Clostridiales;other
Erysipelotrichaceae
Veillonellaceae
Fusobacteriaceae
Nitrospiraceae
Planctomycetaceae
Bradyrhizobiaceae
Hyphomicrobiaceae
Rhizobiales;MNG7
Phyllobacteriaceae
Rhizobiaceae
Rhodobiaceae
Rhizobiales;other
Rhodobacteraceae
Acetobacteraceae
Rhodospirillaceae
Rhodospirillales_inc_sedis
Rhodospirillales;other
Rickettsiales;SAR116clade
Alphaproteobacteria;SAR11clade;Surface1
Sphingomonadaceae
Alphaproteobacteria;other
Comamonadaceae
Oxalobacteraceae
Neisseriaceae
Desulfobulbaceae
Deltaproteobacteria;NB1-j;unc
Helicobacteraceae
Pseudoalteromonadaceae
Shewanellaceae
Alteromonadales;other
Chromatiaceae
Enterobacteriaceae
Halomonadaceae
Pasteurellaceae
Moraxellaceae
Pseudomonadaceae
Vibrionaceae
JTB255mar_benthic_gr
Xanthomonadaceae
Gammaproteobacteria;other
Spirochaetaceae
Mycoplasmataceae
Verrucomicrobia;OPB35_soil_gr;unc
Chthoniobacterales;other
Verrucomicrobiales;DEV007
Verrucomicrobiaceae
Other_families

Actinomycetaceae
Bifidobacteriaceae
Corynebacteriaceae
Corynebacteriales;Other
Micromonosporaceae
Propionibacteriaceae
Pseudonocardiaceae
Actinobacteria;Other
Rubrobacteriaceae
Bacteroidaceae
Prevotellaceae
Cryomorphaceae
Flavobacteriaceae
Chitinophagaceae
Saprospiraceae
Sphingobacteriales;envOPS17
Caldilineaceae
Cyanobacteria;subsI;famI
Cyanobacteria;subsII;famII
Cyanobacteria;subsIII;famI
Obscuribacterales;unc
Bacillaceae
Bacillales;famXI
Staphylococcaceae
Carnobacteriaceae
Enterococcaceae
Lactobacillaceae
Streptococcaceae
Clostridiaceae1
Clostridiales;famXI
Clostridiales;famXII
Lachnospiraceae
Peptostreptococcaceae
Clostridiales;other
Erysipelotrichaceae
Veillonellaceae
Fusobacteriaceae
Nitrospiraceae
Planctomycetaceae
Bradyrhizobiaceae
Hyphomicrobiaceae
Rhizobiales;MNG7
Phyllobacteriaceae
Rhizobiaceae
Rhodobiaceae
Rhizobiales;other
Rhodobacteraceae
Acetobacteraceae
Rhodospirillaceae
Rhodospirillales_inc_sedis
Rhodospirillales;other
Rickettsiales;SAR116clade
Alphaproteobacteria;SAR11clade;Surface1
Sphingomonadaceae
Alphaproteobacteria;other
Comamonadaceae
Oxalobacteraceae
Neisseriaceae
Desulfobulbaceae
Deltaproteobacteria;NB1-j;unc
Helicobacteraceae
Pseudoalteromonadaceae
Shewanellaceae
Alteromonadales;other
Chromatiaceae
Enterobacteriaceae
Halomonadaceae
Pasteurellaceae
Moraxellaceae
Pseudomonadaceae
Vibrionaceae
JTB255mar_benthic_gr
Xanthomonadaceae
Gammaproteobacteria;other
Spirochaetaceae
Mycoplasmataceae
Verrucomicrobia;OPB35_soil_gr;unc
Chthoniobacterales;other
Verrucomicrobiales;DEV007
Verrucomicrobiaceae
Other_families

Alphaproteobacteria;other 
Comamonadaceae 
Oxalobacteraceae 
Neisseriaceae 
Deltaproteobacteria;NB-j;unc 
Pseudoalteromonadaceae 
Shewanellaceae 
Alteromonadales;other 
Chromatiaceae 
Enterobacteriaceae 
Halomonadaceae 
Pasteurellaceae 
Moraxellaceae 
Pseudomonadaceae 
Vibrionaceae 
Xanthomonadaceae 
Gammaproptebacteria;other 
Spirochaetaceae 
Verrucomicrobia;OPB35_soil_gr;unc 
Chthoniobacterales;other 
Verrucomicrobiales;DEV007 
Verrucomicrobiaceae 
Other_families

Actinomycetaceae
Bifidobacteriaceae
Corynebacteriaceae
Corynebacteriales;Other
Micromonosporaceae
Propionibacteriaceae
Pseudonocardiaceae
Actinobacteria;Other
Rubrobacteriaceae
Bacteroidaceae
Prevotellaceae
Cryomorphaceae
Flavobacteriaceae
Chitinophagaceae
Saprospiraceae
Sphingobacteriales;envOPS17
Caldilineaceae
Cyanobacteria;subsI;famI
Cyanobacteria;subsII;famII
Cyanobacteria;subsIII;famI
Obscuribacterales;unc
Bacillaceae
Bacillales;famXI
Staphylococcaceae
Carnobacteriaceae
Enterococcaceae
Lactobacillaceae
Streptococcaceae
Clostridiaceae1
Clostridiales;famXI
Clostridiales;famXII
Lachnospiraceae
Peptostreptococcaceae
Clostridiales;other
Erysipelotrichaceae
Veillonellaceae
Fusobacteriaceae
Nitrospiraceae
Planctomycetaceae
Bradyrhizobiaceae
Hyphomicrobiaceae
Rhizobiales;MNG7
Phyllobacteriaceae
Rhizobiaceae
Rhodobiaceae
Rhizobiales;other
Rhodobacteraceae
Acetobacteraceae
Rhodospirillaceae
Rhodospirillales_inc_sedis
Rhodospirillales;other
Rickettsiales;SAR116clade
Alphaproteobacteria;SAR11clade;Surface1
Sphingomonadaceae
Alphaproteobacteria;other
Comamonadaceae
Oxalobacteraceae
Neisseriaceae
Desulfobulbaceae
Deltaproteobacteria;NB1-j;unc
Helicobacteraceae
Pseudoalteromonadaceae
Shewanellaceae
Alteromonadales;other
Chromatiaceae
Enterobacteriaceae
Halomonadaceae
Pasteurellaceae
Moraxellaceae
Pseudomonadaceae
Vibrionaceae
JTB255mar_benthic_gr
Xanthomonadaceae
Gammaproteobacteria;other
Spirochaetaceae
Mycoplasmataceae
Verrucomicrobia;OPB35_soil_gr;unc
Chthoniobacterales;other
Verrucomicrobiales;DEV007
Verrucomicrobiaceae
Other_families

Actinomycetaceae
Bifidobacteriaceae
Corynebacteriaceae
Corynebacteriales;Other
Micromonosporaceae
Propionibacteriaceae
Pseudonocardiaceae
Actinobacteria;Other
Rubrobacteriaceae
Bacteroidaceae
Prevotellaceae
Cryomorphaceae
Flavobacteriaceae
Chitinophagaceae
Saprospiraceae
Sphingobacteriales;envOPS17
Caldilineaceae
Cyanobacteria;subsI;famI
Cyanobacteria;subsII;famII
Cyanobacteria;subsIII;famI
Obscuribacterales;unc
Bacillaceae
Bacillales;famXI
Staphylococcaceae
Carnobacteriaceae
Enterococcaceae
Lactobacillaceae
Streptococcaceae
Clostridiaceae1
Clostridiales;famXI
Clostridiales;famXII
Lachnospiraceae
Peptostreptococcaceae
Clostridiales;other
Erysipelotrichaceae
Veillonellaceae
Fusobacteriaceae
Nitrospiraceae
Planctomycetaceae
Bradyrhizobiaceae
Hyphomicrobiaceae
Rhizobiales;MNG7
Phyllobacteriaceae
Rhizobiaceae
Rhodobiaceae
Rhizobiales;other
Rhodobacteraceae
Acetobacteraceae
Rhodospirillaceae
Rhodospirillales_inc_sedis
Rhodospirillales;other
Rickettsiales;SAR116clade
Alphaproteobacteria;SAR11clade;Surface1
Sphingomonadaceae
Alphaproteobacteria;other
Comamonadaceae
Oxalobacteraceae
Neisseriaceae
Desulfobulbaceae
Deltaproteobacteria;NB1-j;unc
Helicobacteraceae
Pseudoalteromonadaceae
Shewanellaceae
Alteromonadales;other
Chromatiaceae
Enterobacteriaceae
Halomonadaceae
Pasteurellaceae
Moraxellaceae
Pseudomonadaceae
Vibrionaceae
JTB255mar_benthic_gr
Xanthomonadaceae
Gammaproteobacteria;other
Spirochaetaceae
Mycoplasmataceae
Verrucomicrobia;OPB35_soil_gr;unc
Chthoniobacterales;other
Verrucomicrobiales;DEV007
Verrucomicrobiaceae
Other_families

Actinomycetaceae
Bifidobacteriaceae
Corynebacteriaceae
Corynebacteriales;Other
Micromonosporaceae
Propionibacteriaceae
Pseudonocardiaceae
Actinobacteria;Other
Rubrobacteriaceae
Bacteroidaceae
Prevotellaceae
Cryomorphaceae
Flavobacteriaceae
Chitinophagaceae
Saprospiraceae
Sphingobacteriales;envOPS17
Caldilineaceae
Cyanobacteria;subsI;famI
Cyanobacteria;subsII;famII
Cyanobacteria;subsIII;famI
Obscuribacterales;unc
Bacillaceae
Bacillales;famXI
Staphylococcaceae
Carnobacteriaceae
Enterococcaceae
Lactobacillaceae
Streptococcaceae
Clostridiaceae1
Clostridiales;famXI
Clostridiales;famXII
Lachnospiraceae
Peptostreptococcaceae
Clostridiales;other
Erysipelotrichaceae
Veillonellaceae
Fusobacteriaceae
Nitrospiraceae
Planctomycetaceae
Bradyrhizobiaceae
Hyphomicrobiaceae
Rhizobiales;MNG7
Phyllobacteriaceae
Rhizobiaceae
Rhodobiaceae
Rhizobiales;other
Rhodobacteraceae
Acetobacteraceae
Rhodospirillaceae
Rhodospirillales_inc_sedis
Rhodospirillales;other
Rickettsiales;SAR116clade
Alphaproteobacteria;SAR11clade;Surface1
Sphingomonadaceae
Alphaproteobacteria;other
Comamonadaceae
Oxalobacteraceae
Neisseriaceae
Desulfobulbaceae
Deltaproteobacteria;NB1-j;unc
Helicobacteraceae
Pseudoalteromonadaceae
Shewanellaceae
Alteromonadales;other
Chromatiaceae
Enterobacteriaceae
Halomonadaceae
Pasteurellaceae
Moraxellaceae
Pseudomonadaceae
Vibrionaceae
JTB255mar_benthic_gr
Xanthomonadaceae
Gammaproteobacteria;other
Spirochaetaceae
Mycoplasmataceae
Verrucomicrobia;OPB35_soil_gr;unc
Chthoniobacterales;other
Verrucomicrobiales;DEV007
Verrucomicrobiaceae
Other_families

Actinomycetaceae
Bifidobacteriaceae
Corynebacteriaceae
Corynebacteriales;Other
Micromonosporaceae
Propionibacteriaceae
Pseudonocardiaceae
Actinobacteria;Other
Rubrobacteriaceae
Bacteroidaceae
Prevotellaceae
Cryomorphaceae
Flavobacteriaceae
Chitinophagaceae
Saprospiraceae
Sphingobacteriales;envOPS17
Caldilineaceae
Cyanobacteria;subsI;famI
Cyanobacteria;subsII;famII
Cyanobacteria;subsIII;famI
Obscuribacterales;unc
Bacillaceae
Bacillales;famXI
Staphylococcaceae
Carnobacteriaceae
Enterococcaceae
Lactobacillaceae
Streptococcaceae
Clostridiaceae1
Clostridiales;famXI
Clostridiales;famXII
Lachnospiraceae
Peptostreptococcaceae
Clostridiales;other
Erysipelotrichaceae
Veillonellaceae
Fusobacteriaceae
Nitrospiraceae
Planctomycetaceae
Bradyrhizobiaceae
Hyphomicrobiaceae
Rhizobiales;MNG7
Phyllobacteriaceae
Rhizobiaceae
Rhodobiaceae
Rhizobiales;other
Rhodobacteraceae
Acetobacteraceae
Rhodospirillaceae
Rhodospirillales_inc_sedis
Rhodospirillales;other
Rickettsiales;SAR116clade
Alphaproteobacteria;SAR11clade;Surface1
Sphingomonadaceae
Alphaproteobacteria;other
Comamonadaceae
Oxalobacteraceae
Neisseriaceae
Desulfobulbaceae
Deltaproteobacteria;NB1-j;unc
Helicobacteraceae
Pseudoalteromonadaceae
Shewanellaceae
Alteromonadales;other
Chromatiaceae
Enterobacteriaceae
Halomonadaceae
Pasteurellaceae
Moraxellaceae
Pseudomonadaceae
Vibrionaceae
JTB255mar_benthic_gr
Xanthomonadaceae
Gammaproteobacteria;other
Spirochaetaceae
Mycoplasmataceae
Verrucomicrobia;OPB35_soil_gr;unc
Chthoniobacterales;other
Verrucomicrobiales;DEV007
Verrucomicrobiaceae
Other_families

Acidobacteria
Actinobacteria
Aminicenantes
Armatimonadetes
Bacteroidetes
Chlamydiae
Chlorobi
Chloroflexi
Cyanobacteria
Deinococcus-Thermus
Firmicutes
Fusobacteria
Gemmatimonadetes
Gracilibacteria
Hydrogenedentes
Latescibacteria
Marinimicrobia_SAR406clade
Nitrospirae
Parcubacteria
Planctomycetes
Proteobacteria
SBR1093
Saccharibacteria
Spirochaetae
TM6_Dependentiae
Tenericutes
Verrucomicrobia
WS6
Bacteria;Other
Other_Phyla

Acidobacteria 
Actinobacteria 
Aminicenantes 
Armatimonadetes 
Bacteroidetes 
Chlamydiae 
Chlorobi 
Chloroflexi 
Cyanobacteria 
Deinococcus-Thermus 
Firmicutes 
Fusobacteria 
Gemmatimonadetes

Acidobacteria
Actinobacteria
Aminicenantes
Armatimonadetes
Bacteroidetes
Chlamydiae
Chlorobi
Chloroflexi
Cyanobacteria
Deinococcus-Thermus
Firmicutes
Fusobacteria
Gemmatimonadetes
Gracilibacteria
Hydrogenedentes
Latescibacteria
Marinimicrobia_SAR406clade
Nitrospirae
Parcubacteria
Planctomycetes
Proteobacteria
SBR1093
Saccharibacteria
Spirochaetae
TM6_Dependentiae
Tenericutes
Verrucomicrobia
WS6
Bacteria;Other
Other_Phyla

Hydrogenedentes 
Nitrospirae 
Parcubacteria 
Planctomycetes 
Proteobacteria 
Saccharibacteria 
Spirochaetae 
TM6_Dependentiae 
Tenericutes 
Verrucomicrobia 
Bacteria;other 
Other_phyla

Acidobacteria
Actinobacteria
Aminicenantes
Armatimonadetes
Bacteroidetes
Chlamydiae
Chlorobi
Chloroflexi
Cyanobacteria
Deinococcus-Thermus
Firmicutes
Fusobacteria
Gemmatimonadetes
Gracilibacteria
Hydrogenedentes
Latescibacteria
Marinimicrobia_SAR406clade
Nitrospirae
Parcubacteria
Planctomycetes
Proteobacteria
SBR1093
Saccharibacteria
Spirochaetae
TM6_Dependentiae
Tenericutes
Verrucomicrobia
WS6
Bacteria;Other
Other_Phyla

Acidobacteria
Actinobacteria
Aminicenantes
Armatimonadetes
Bacteroidetes
Chlamydiae
Chlorobi
Chloroflexi
Cyanobacteria
Deinococcus-Thermus
Firmicutes
Fusobacteria
Gemmatimonadetes
Gracilibacteria
Hydrogenedentes
Latescibacteria
Marinimicrobia_SAR406clade
Nitrospirae
Parcubacteria
Planctomycetes
Proteobacteria
SBR1093
Saccharibacteria
Spirochaetae
TM6_Dependentiae
Tenericutes
Verrucomicrobia
WS6
Bacteria;Other
Other_Phyla

Acidobacteria
Actinobacteria
Aminicenantes
Armatimonadetes
Bacteroidetes
Chlamydiae
Chlorobi
Chloroflexi
Cyanobacteria
Deinococcus-Thermus
Firmicutes
Fusobacteria
Gemmatimonadetes
Gracilibacteria
Hydrogenedentes
Latescibacteria
Marinimicrobia_SAR406clade
Nitrospirae
Parcubacteria
Planctomycetes
Proteobacteria
SBR1093
Saccharibacteria
Spirochaetae
TM6_Dependentiae
Tenericutes
Verrucomicrobia
WS6
Bacteria;Other
Other_Phyla

Figure S8 - Pie charts summarizing the phyla (A) and family (B) level microbiota composiOon of S. aurata samples in 

the three fish district (feces, gills and skin). Phyla with relaOve abundance > 0.5% in at least one sample and families 

with relaOve abundance > 2% in at least 10% of samples are represented. Proteobacteria classes are expanded on 

the respecOve pie chart phylum slice. Subs = subset; fam = family; unc = uncultured; inc = incertae; mar =marine; gr 

= group.
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Supplementary Figure S1 – B. europaea microbiomes composition at phylum level. Bar plots of the average microbiome composition at the phylum (and class for Proteobacteria)
taxonomic level in the 3 different B. europaea anatomic compartments (mucus, soft tissue and skeleton). Composition is expressed as relative abundance (%) calculated on the
phylogenetically assigned metagenomic reads. The dominant phylum in all tissues is represented by Proteobacteria, with the highest abundance of Alphaproteobacteria (mucus, 31.5%;
soft tissue, 26.6%; skeleton, 26.5%), followed by Betaproteobacteria (10%, 15.1% and 8.6%) and Gammaproteobacteria (8.0%, 8.3% and 7.5%). Bacteroidetes is also present as dominant
phylum (5.5%, 4.6% and 5.1%).

Figure S9 - B. europaea microbiomes composiEon at phylum level. Bar plots of the average microbiome 

composiOon at the phylum (and class for Proteobacteria) taxonomic level in the 3 different B. europaea anatomic 

compartments (mucus, so^ Ossue and skeleton). ComposiOon is expressed as relaOve abundance (%) calculated on 

the phylogeneOcally assigned metagenomic reads. The dominant phylum in all Ossues is represented by 

Proteobacteria, with the highest abundance of Alphaproteobacteria (mucus, 31.5%; so^ Ossue, 26.6%; skeleton, 

26.5%), followed by Betaproteobacteria (10%, 15.1% and 8.6%) and Gammaproteobacteria (8.0%, 8.3% and 7.5%). 

Bacteroidetes is also present as dominant phylum (5.5%, 4.6% and 5.1%).
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Supplementary Figure S2 – B. europaea microbial composition at family level. Bar plots of the average microbiome composition at family taxonomic level in the 3 different B.
europaea anatomic compartments (mucus, soft tissue and skeleton) and in the 3 different acidification conditions (Site 1, Site 2 and Site 3, corresponding to control conditions, mild
acidification and high acidification, respectively). Compositions is expressed as relative abundance (%) calculated on the phylogenetically assigned metagenomic reads. In mucus
samples, it can be observed a trend of increasing relative abundance of the family Burkholderiaceae from Site 1 to Site 2 and 3 (relative abundance 4.1%, 9.8% and 13.5% respectively)
and of decreasing relative abundance of the family Rhodobacteraceae (relative abundance 23.6%, 12.6% and 8.1%).

Figure S10 - B. europaea microbial composiEon at family level. Bar plots of the average microbiome composiOon at 

family taxonomic level in the 3 different B. europaea anatomic compartments (mucus, so^ Ossue and skeleton) and 

in the 3 different acidificaOon condiOons (Site 1, Site 2 and Site 3, corresponding to control condiOons, mild 

acidificaOon and high acidificaOon, respecOvely). ComposiOons is expressed as relaOve abundance (%) calculated on 

the phylogeneOcally assigned metagenomic reads. In mucus samples, it can be observed a trend of increasing 

relaOve abundance of the family Burkholderiaceae from Site 1 to Site 2 and 3 (relaOve abundance 4.1%, 9.8% and 

13.5% respecOvely) and of decreasing relaOve abundance of the family Rhodobacteraceae (relaOve abundance 

23.6%, 12.6% and 8.1%).
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Supplementary Figure S1 – Association between the factors obtained by PMF analysis and the
wind direction and intensity. Polar plots of the seven factors obtained by the PMF model. ws, wind
speed; CPF, conditional probability function.

Figure S11 - AssociaEon between the factors obtained by PMF analysis and the wind direcEon and intensity. Polar 

plots of the seven factors obtained by the PMF model. ws, wind speed; CPF, condiOonal probability funcOon.

Supplementary Figure S2 - AM
overall composition. Pie charts
summarizing the microbiota
composition of air filter samples at
phylum (A) and family (B) level.
Only phyla with relative abundance
>1.5% in at least 10 samples and
families with relative abundance >3%
in at least 10 samples are shown.

Supplementary Figure S2 - AM
overall composition. Pie charts
summarizing the microbiota
composition of air filter samples at
phylum (A) and family (B) level.
Only phyla with relative abundance
>1.5% in at least 10 samples and
families with relative abundance >3%
in at least 10 samples are shown.

Figure S12 - AM overall composiEon. Pie charts summarizing the microbiota composiOon of air filter samples at 

phylum (A) and family (B) level. Only phyla with relaOve abundance >1.5% in at least 10 samples and families with 

relaOve abundance >3% in at least 10 samples are shown.
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Supplementary Figure S3 – AM bacterial families differentially represented among the four
microbial clusters. Box plots showing the bacterial families whose relative abundance is
significantly differently distributed among the microbial clusters C1-C4 (Kruskal-Wallis test, FDR-
corrected p-value ≤ 0.05*, p-value ≤ 0.01** and p-value ≤ 0.001***). The central box represents the
distance between the 25th and 75th percentiles. The median is marked with a black line. Whiskers
identify the 10th and 90th percentiles.
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Enterobacteriaceae ** Planococcaceae *** Paenibacillaceae **
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Figure S13 - AM bacterial families differenEally represented among the four microbial clusters. Box plots showing 

the bacterial families whose relaOve abundance is significantly differently distributed among the microbial clusters 

C1-C4 (Kruskal-Wallis test, FDR- corrected p-value ≤ 0.05*, p-value ≤ 0.01** and p-value ≤ 0.001***). The central 

box represents the distance between the 25th and 75th percenOles. The median is marked with a black line. 

Whiskers idenOfy the 10th and 90th percenOles.
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Supplementary Figure S4 (2 pages) – AM-associated OTUs showing different distribution across
microbial clusters. Box plots showing the OTUs whose relative abundance is significantly differently
distributed among the four microbial clusters C1-C4 (Kruskal-Wallis test, FDR-corrected p-value

≤ 0.05*, p-value ≤ 0.01** and p-value ≤ 0.001***). The central box represents the distance between

the 25th and 75th percentiles. The median is marked with a black line. Whiskers identify the 10th and

90th percentiles. unc., unclassified; amb., ambiguous.

Subdoligranulum denovo112862*** Faecalibacterium denovo124149*** Succinivibrio denovo158660***

Sphingobium denovo61248***
Christensenellaceae R−7 group

denovo135635*** Lachnospiraceae unc. denovo155483***

Catenibacterium denovo131410*** Prevotella denovo141476***

Blautia denovo142348***
Ruminococcaceae UCG−014

denovo163343*** Prevotella denovo45241***

Lachnospiraceae NK4A136 group
denovo60194*** Holdemanella denovo107036***

Lachnospiraceae ND3007 group
denovo117817***

Collinsella denovo167523**
Prevotellaceae NK3B31 group

denovo141115**

Dorea denovo131747***

[Eubacterium] coprostanoligenes group
denovo74053**

Prevotella denovo105849*** Roseburia denovo3720*** Blautia denovo32339**

Ruminococcaceae UCG−002
denovo56916*** Prevotella 9 denovo168626*** Turicibacter denovo78299**

Treponema denovo156839*** Faecalibacterium denovo134303**Escherichia−Shigella denovo173045*

Curtobacterium denovo176924*** Glutamicibacter denovo56078** Polaromonas, amb. taxa denovo153181**

Massilia denovo133617** Paracoccus denovo73964* Cellulosimicrobium denovo64109**

Frankiales unc. denovo88593** Frigoribacterium denovo187185** Massilia denovo163893**

Ochrobactrum denovo127020*** Herbaspirillum denovo132540** Clostridium denovo52654**

Bacillus denovo120280*** Intestinibacter denovo14992*** Paeniclostridium denovo183787**

Turicibacter denovo66357*** Sphingomonas denovo145701*** Halomonas denovo27632*

Planococcaceae unc. denovo116915* Stenotrophomonas denovo124634*** Peptoclostridium denovo68017***

Clostridium denovo66475*** Delftia denovo36561*** Serratia denovo124378*

Microbacterium denovo171745**
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Curtobacterium denovo176924*** Glutamicibacter denovo56078** Polaromonas, amb. taxa denovo153181**

Massilia denovo133617** Paracoccus denovo73964* Cellulosimicrobium denovo64109**

Frankiales unc. denovo88593** Frigoribacterium denovo187185** Massilia denovo163893**

Ochrobactrum denovo127020*** Herbaspirillum denovo132540** Clostridium denovo52654**

Bacillus denovo120280*** Intestinibacter denovo14992*** Paeniclostridium denovo183787**

Turicibacter denovo66357*** Sphingomonas denovo145701*** Halomonas denovo27632*

Planococcaceae unc. denovo116915* Stenotrophomonas denovo124634*** Peptoclostridium denovo68017***

Clostridium denovo66475*** Delftia denovo36561*** Serratia denovo124378*

Microbacterium denovo171745**

Figure S14 (two pages) - AM-associated OTUs showing different distribuEon across microbial clusters. Box plots 

showing the OTUs whose relaOve abundance is significantly differently distributed among the four microbial clusters 

C1-C4 (Kruskal-Wallis test, FDR-corrected p-value ≤ 0.05*, p-value ≤ 0.01** and p-value ≤ 0.001***). The central box 

represents the distance between the 25th and 75th percenOles. The median is marked with a black line. Whiskers 

idenOfy the 10th and 90th percenOles. unc., unclassified; amb., ambiguous.
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Winter-Spring-Summer shared ASVs

ASV ID ASV no.
BLASTN best hit

Description Query coverage Identity Family

9e97d205c022389097ca4462aeda0f4e ASV_1
Spiroplasma apis strain B31 16S ribosomal RNA, partial 
sequence 100% 80.22% Spiroplasmataceae

cdd3b15b6fe13ff85537e4b729668b57 ASV_2
Spiroplasma apis strain B31 16S ribosomal RNA, partial 
sequence 100% 80.00% Spiroplasmataceae

48c7d52e6c82b734826519880e779a31 ASV_3
Spiroplasma apis strain B31 16S ribosomal RNA, partial 
sequence 100% 80.00% Spiroplasmataceae

e3c3d5f22646bf0781245a114e9ba63b ASV_4 Spiroplasma apis strain B31 16S ribosomal RNA, partial 
sequence 100% 80.00% Spiroplasmataceae

Winter-Spring shared ASVs

ASV ID ASV no.
BLASTN best hit

Description Query coverage Perc. Identity Family

476800734964343f009a7dc110e60588 ASV_5
Mariniblastus fucicola strain FC18 16S ribosomal RNA, partial 
sequence 100% 93.98% Planctomycetaceae

4dc541c84a9beec34f641e5e73f91109 ASV_6
Geminicoccus roseus strain D2-3 16S ribosomal RNA, partial 
sequence 100% 90.93% Geminicoccaceae

846e2e400849bc88fd423716893b7c7f ASV_7
Albidovulum inexpectatum strain FRR-10 16S ribosomal RNA, 
partial sequence 100% 94.77% Rhodobacteraceae

8704273dc3b96e60f7103d1e5f9c35d7 ASV_8
Pseudahrensia todarodis strain KHS02 16S ribosomal RNA, 
partial sequence 100% 97.95% Phyllobacteriaceae

a57690b07dd74e01c10eb0a9d65eb0f2 ASV_9
Nitrospira lenta strain BS10 16S ribosomal RNA, partial 
sequence 100% 89.91% Nitrospiraceae

98997d2729a7002657452314ce086996 ASV_10
Thiohalobacter thiocyanaticus strain HRh1 16S ribosomal RNA, 
partial sequence 100% 93.64% Thiohalobacter

2f2afd51237f3de4bbcac1f6cab5663d ASV_11
Sulfuriflexus mobilis strain aks1 16S ribosomal RNA, partial 
sequence 100% 87.79% Granulosicoccaceae

1bb079b333716591c77dace4f9be6954 ASV_12
Thiohalobacter thiocyanaticus strain HRh1 16S ribosomal RNA, 
partial sequence 100% 93.86% Thiohalobacter

6430682cacad8ff963ad1421bfcdca7f ASV_13

Dialister invisus strain JCM 17566 16S ribosomal RNA, partial 
sequence 100% 99.57% Veillonellaceae

Dialister invisus DSM 15470 strain E7.25 16S ribosomal RNA, 
partial sequence 100% 99.57% Veillonellaceae

Supplementary Table S1 – Taxonomic assignment of the ASVs shared between all seasons or season pairs. The assignment is based on BLASTN algorithm, 

taking into account the BLAST best hit for each corresponding ASVs. Query cover and percentage identity are reported for each best hit, together with the 

respective strain, genus and family

Spring-Summer shared ASVs

ASV ID ASV no.
BLASTN best hit

Description Query coverage Identity Family

f1989a2ef35a2aab7afd4799d9e615c2 ASV_32
Porphyromonas gingivalis ATCC 33277 16S ribosomal RNA, 
partial sequence 23% 90.00% Porphyromonadaceae

1c89ed5b14d2190798b526a3502ed4b5 ASV_33
Vibrio lentus strain CIP 107166 16S ribosomal RNA, partial 
sequence 100% 99.35% Vibrionaceae

ede8abc42f0e494c7811adb4abbadf82 ASV_34
Prochlorococcus marinus subsp. pastoris strain PCC 9511 16S 
ribosomal RNA, partial sequence 100% 96.83% Prochloraceae

495a1fe0b25d490f74bae884857aaf71 ASV_35
Bythopirellula goksoyri strain Pr1d 16S ribosomal RNA, partial 
sequence 96% 97.10% Planctomycetaceae

845f3655e989ffab5832d471507e9077 ASV_36
Lacinutrix venerupis strain Cmf 20.8 16S ribosomal RNA, partial 
sequence 100% 98.91% Flavobacteriaceae

8ce89250b73287faddb550e08c260ef5 ASV_37
Sulfuriflexus mobilis strain aks1 16S ribosomal RNA, partial 
sequence 100% 88.44% Granulosicoccaceae

eb95260ff239c3c02b3421415b1a2d78 ASV_38

Dichotomicrobium thermohalophilum strain DSM 5002 16S 
ribosomal RNA, partial sequence 100% 92.95% Hyphomicrobiaceae

Nitratireductor basaltis J3 16S ribosomal RNA, partial sequence 100% 92.95% Phyllobacteriaceae

Table S1 (two pages) - Taxonomic assignment of the ASVs shared between all seasons or season pairs. The 

assignment is based on BLASTN algorithm, taking into account the BLAST best hit for each corresponding ASVs. 

Query cover and percentage idenOty are reported for each best hit, together with the respecOve strain, genus and 

family.
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Winter-Summer shared ASVs

ASV ID ASV no.
BLASTN best hit

Description Query coverage Identity Family

70b9ac3d4d27ba08d578ba0578e2297e ASV_14
Foliisarcina bertiogensis strain CENA333 16S ribosomal RNA, 
partial sequence 100% 93.23% Xenococcaceae

73b6333986a432baa055722ce452a36f ASV_15
Roseimaritima ulvae strain UC8 16S ribosomal RNA, partial 
sequence 99% 92.19% Planctomycetaceae

1790e931b512a2119e06d48f4c0f4bb1 ASV_16
Bythopirellula goksoyri strain Pr1d 16S ribosomal RNA, partial 
sequence 96% 96.27% Planctomycetaceae

75c88102e8fb110ae399001b13103e7e ASV_17
Ruegeria atlantica strain NBRC 15792 16S ribosomal RNA, 
partial sequence 100% 99.55% Rhodobacteraceae

7e995e366f362a5d90a0ca797cec9acf ASV_18

Mycoplasma hyorhinis strain NBRC 14858 16S ribosomal RNA, 
partial sequence 100% 83.87% Mycoplasmataceae

Mycoplasma hyorhinis ATCC 17981 16S ribosomal RNA, partial 
sequence 100% 83.87% Mycoplasmataceae

Mycoplasma hyorhinis strain BTS7 16S ribosomal RNA, partial 
sequence 100% 83.87% Mycoplasmataceae

984fdf14b57459f55a6d7c08366d5733 ASV_19
Ichthyenterobacterium magnum strain Th6 16S ribosomal RNA, 
partial sequence 100% 98.04% Flavobacteriaceae

cf801faa8712369c3b52c02cb81b7388 ASV_20
Prochlorococcus marinus subsp. pastoris strain PCC 9511 16S 
ribosomal RNA, partial sequence 100% 97.29% Prochloraceae

eb44b9da83eb7726fec80f23c4f3bc34 ASV_21
Mariniblastus fucicola strain FC18 16S ribosomal RNA, partial 
sequence 100% 94.78% Planctomycetaceae

cc878c85296348a2d647295f6b7b92ca ASV_22
Ilumatobacter fluminis YM22-133 16S ribosomal RNA, partial 
sequence 100% 90.02% Ilumatobacteraceae

d64eb6b6a83ac66b81043bee1e2a5831 ASV_23

Thioprofundum hispidum strain gps61 16S ribosomal RNA, 
partial sequence 100% 91.83% Thioprofundaceae

Thioprofundum lithotrophicum strain 106 16S ribosomal RNA, 
partial sequence 100% 91.83% Thioprofundaceae

3c750d7524e9de80b291817f2cc2a137 ASV_24
Zobellia russellii strain KMM 3677 16S ribosomal RNA, partial 
sequence 100% 95.87% Flavobacteriaceae

95f2641e4f5a56a48458a73a506faa51 ASV_25
Eudoraea chungangensis strain CAU 1296 16S ribosomal RNA, 
partial sequence 100% 95.65% Flavobacteriaceae

4c6a772bc39c2bac5c7b07fac62482ac ASV_26
Parasphingopyxis lamellibrachiae strain JAMH 0132 16S 
ribosomal RNA, partial sequence 100% 98.86% Sphingomonadaceae

e6c465ba19b4452d36ccb83030b4d258 ASV_27
Nitrosomonas aestuarii strain Nm36 16S ribosomal RNA, partial 
sequence 100% 95.70% Nitrosomonadaceae

ca6ab15ffc67e8300d8d8e67c57ffd35 ASV_28

Abyssivirga alkaniphila strain L81 16S ribosomal RNA, partial 
sequence 100% 99.09% Lachnospiraceae

Vallitalea guaymasensis strain Ra1766G1 16S ribosomal RNA, 
partial sequence 100% 99.09% Defluviitaleaceae

0b4d65c02c2b5a2299f649427252b03d ASV_29
Flagellimonas flava strain A11 16S ribosomal RNA, partial 
sequence 100% 97.18% Flavobacteriaceae

04de7f992d6f4084c801d75a08c24ebe ASV_30
Blastopirellula marina strain DSM 3645 16S ribosomal RNA, 
partial sequence 100% 88.96% Planctomycetaceae

dd1a8879b3249b4d4a3cfda66144fb2a ASV_31 Marispirochaeta aestuarii strain JC444 16S ribosomal RNA, 
partial sequence 100% 84.09% Spirochaetaceae
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P. caerulea Sediment Seawater P. caerulea Sediment Seawater Fish
4667 Fodinicurvata halophila 0.19 0.00 0.00 0.00 0.00 0.00 0.00 0.004
11135 Lactobacillus johnsonii 0.10 0.00 0.00 0.04 0.00 0.00 0.00 0.05
4454 Fluviibacterium aquatile 0.22 0.00 0.00 0.00 0.00 0.00 0.00 0.0004
5034 Robiginitalea biformata 0.06 0.02 0.00 0.00 0.00 0.00 0.00 0.03
12220 Rhodobacteraceae 0.13 0.00 0.00 0.00 0.00 0.00 0.00 0.0001
1496 Agaricicola taiwanensis 0.48 0.00 0.00 0.02 0.00 0.00 0.00 0.01
4069 Amorphus coralli 0.10 0.00 0.00 0.01 0.00 0.00 0.00 0.02
4330 Ochrobactrum oryzae 0.11 0.00 0.00 0.00 0.00 0.00 0.00 0.02
14127 Rubinisphaera brasiliensis 0.09 0.00 0.00 0.00 0.00 0.00 0.00 0.02
5331 Roseibacillus ponti 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.0008
2911 Actibacter sediminis 0.29 0.03 0.00 0.00 0.13 0.00 0.00 0.0004
2289 Psychrobacter celer 0.03 0.00 0.17 0.00 0.00 0.07 0.06 0.008
14154 Phyllobacterium 0.20 0.00 0.00 0.06 0.00 0.00 0.00 0.04
3304 Stappia taiwanensis 0.31 0.00 0.00 0.00 0.00 0.00 0.00 0.00002
11232 Rubinisphaera italica 0.07 0.00 0.00 0.00 0.00 0.00 0.00 0.03
1355 Prochlorococcus marinus 0.02 0.02 1.18 0.00 0.01 1.88 0.01 0.007
11155 Lactobacillus rhamnosus 0.24 0.00 0.00 0.00 0.00 0.00 0.00 0.006
14091 Bifidobacterium bifidum 0.83 0.00 0.00 0.02 0.00 0.00 0.00 0.003
11445 Ahrensia kielensis 0.13 0.00 0.00 0.00 0.00 0.00 0.00 0.0007
3555 Bifidobacterium longum 0.50 0.00 0.00 0.01 0.00 0.00 0.00 0.0004
2120 Photobacterium swingsii 0.23 0.02 0.00 0.01 0.00 0.00 0.00 0.003
4234 Hyphomicrobium 0.07 0.00 0.00 0.00 0.00 0.00 0.00 0.03
4187 Phyllobacteriaceae 0.00 0.00 0.00 0.13 0.00 0.00 0.00 0.0003
11247 Rhodopirellula 0.00 0.00 0.00 0.13 0.00 0.00 0.00 0.03
11243 Alienimonas californiensis 0.00 0.00 0.00 0.35 0.00 0.00 0.00 0.001
11205 Wenxinia marina 0.00 0.00 0.00 0.09 0.00 0.00 0.00 0.003
6912 Mycoplasma mobile 0.45 0.00 0.00 2.92 0.00 0.00 0.00 0.0004
5244 Acinetobacter guillouiae 0.03 0.00 0.00 0.16 0.00 0.00 0.00 0.04
4203 Mesorhizobium thiogangeticum 0.00 0.00 0.00 0.36 0.00 0.00 0.00 0.003
2259 Mycoplasma mobile 0.02 0.00 0.00 0.19 0.00 0.00 0.00 0.002
4097 Mesorhizobium camelthorni 0.00 0.00 0.00 0.37 0.00 0.00 0.00 0.0002
2073 Halomonas 0.05 0.00 0.00 0.18 0.00 0.00 0.00 0.05
12731 Sphingomonas 0.37 0.00 0.00 1.96 0.00 0.00 0.00 0.001
11913 Sphingomonas 0.06 0.00 0.00 0.40 0.00 0.00 0.00 0.0006
4065 Sulfitobacter pontiacus 0.00 0.00 0.03 0.20 0.00 0.00 0.00 0.03
4965 Rhodopirellula baltica 0.00 0.00 0.00 0.07 0.00 0.00 0.00 0.03
2118 Vibrio atypicus 0.42 0.01 0.00 0.63 0.00 0.00 0.00 0.02
1919 Staphylococcus 0.01 0.01 0.01 0.06 0.00 0.01 0.39 0.04
2077 Mycoplasma mobile 0.05 0.00 0.00 0.33 0.00 0.00 0.00 0.005
2154 Mycoplasma mobile 0.03 0.00 0.00 0.16 0.00 0.00 0.00 0.002
11213 Rubinisphaera italica 0.01 0.00 0.00 0.27 0.00 0.00 0.00 0.005
1397 Foliisarcina bertiogensis 0.00 0.00 0.00 0.10 0.00 0.00 0.00 0.002
11152 Bacteroides 0.00 0.00 0.00 0.08 0.00 0.00 0.00 0.006
2080 Psychrobacter marincola 0.00 0.00 0.19 0.13 0.00 0.03 0.00 0.02
14234 Sulfurovum lithotrophicum 0.00 0.82 0.00 0.01 0.08 0.00 0.00 0.01
4465 Phyllobacteriaceae 0.00 0.00 0.00 0.27 0.00 0.00 0.00 0.0001
4305 Marimonas arenosa 0.00 0.00 0.00 0.14 0.00 0.00 0.00 0.04
6020 Pseudomonas 0.00 0.00 0.00 0.07 0.00 0.00 0.08 0.01
3237 Bythopirellula goksoyri 0.00 0.00 0.00 0.13 0.00 0.00 0.00 0.03
6006 Gimesia maris 0.02 0.00 0.00 0.14 0.00 0.00 0.00 0.05

Aquaculture site r.a. (%)
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Supplementary table S1 - Ecological 
distribution and highest score alignment 
against NCBI 16S rRNA database of 
OTUs showing a significantly higher 
mean relative abundance in the limpets 
collected from control site with respect 
to those from the aquaculture cage and 
vice versa. P-values were calculated for 
the two P. caerulea groups (control vs. 
aquaculture, FDR-corrected Wilcoxon 
rank-sum test, p-value ≤ 0.05). Species, 
genera or families are retrieved on the 
BLAST column based on the last 
common taxonomic level shared 
between all BLAST best hits.

Table S2 - Ecological distribuOon and highest score alignment against NCBI 16S rRNA database of OTUs showing a 

significantly higher mean relaOve abundance in the limpets collected from control site with respect to those from 

the aquaculture cage and vice versa. P-values were calculated for the two P. caerulea groups (control vs. 

aquaculture, FDR-corrected Wilcoxon rank-sum test, p-value ≤ 0.05). Species, genera or families are retrieved on the 

BLAST column based on the last common taxonomic level shared between all BLAST best hits.



 

 of 120 126

Table S3 - Seawater environmental data. Measurements (N = 6 per site) are shown for the control and aquaculture 

sites. Measured parameters, namely T, pH, TA and salinity (38‰ in control and 34‰ in the in the aquaculture site) 

were used to calculate the carbonate chemistry parameters through CO2SYS So^ware. T = Temperature; TA = Total 

Alkalinity; pCO2 = carbon dioxide parOal pressure; HCO32— = bicarbonate; CO32— = carbonate; DIC = dissolved 

inorganic carbon; Ωarag = aragonite saturaOon; NS = not significant; **p<0.01, Mann-Whitney test. In brackets the 

95% confidence interval.

TA pCO2 HCO3
- CO3

2- DIC 
(μmol kg-1)  (μatm) (μmol kg-1) (μmol kg-1) (μmol kg-1)

27.3 8.02 2319 667 1898 170 2086 2.67

(26.9-27.6) (8.00-8.04) (2315-2324) (620-714) (1882-1914) (164-177) (2075-2097) (2.57-2.76)

24.8 7.96 2203 700 1877 132.1 2030 2.11

(24.7-24.9) (7.95-7.97) (2191-2213) (682-717) (1872-1883) (130-134) (2026-2033) (2.07-2.14)

Mann-
Whitney ** ** ** NS ** ** ** **

Con
tro

l 

Aqu
acu

ltu
re 

T (°C) pHNBS Ωarag

Supplementary table S2 - Seawater environmental data. Measurements (N = 6 per site) are shown for the control and aquaculture sites. Measured 
parameters, namely T, pH, TA and salinity (38‰ in control and 34‰ in the in the aquaculture site) were used to calculate the carbonate chemistry 
parameters through CO2SYS Software. T = Temperature; TA = Total Alkalinity; pCO2 = carbon dioxide partial pressure; HCO3— = bicarbonate; CO32— 
= carbonate; DIC = dissolved inorganic carbon; Ωarag = aragonite saturation; NS = not significant; **p<0.01, Mann-Whitney test. In brackets the 95% 
confidence interval.

Table S4 - VariaEons in the abundance of cyanophycin synthetase (CphA) gene (K03802) in the metagenomes of 

all coral compartments in individuals collected at different acidificaEon sites. The values of relaOve abundance 

(r.a.) are calculated on the total number of reads assigned to KOs (i.e., number of reads assigned to K03802 divided 

by the sum of all reads in a given sample).

Compartment K03802 (r.a. %)

S
it

e 
1 

–
C

on
tr

ol

Individual 
1

Mucus 0.0058

Soft tissue 0.0248

Skeleton 0.0292

Individual 
2

Mucus 0.0013

Soft tissue 0.0107

Skeleton 0.0153

Individual 
3

Mucus 0.0447

Soft tissue 0

Skeleton 0.0126

Compartment K03802 (r.a. %)

S
it

e 
2 

–
M

il
d 

ac
id

if
ic

at
io

n

Individual 
1

Mucus 0.0192

Soft tissue 0.0017

Skeleton 0

Individual 
2

Mucus 0.0112

Soft tissue 0

Skeleton 0.0261

Individual 
3

Mucus 0.0017

Soft tissue 0.003

Skeleton 0.0587

Compartment K03802 (r.a. %)

S
it

e 
3 

–
H

ig
h 

ac
id

if
ic

at
io

n

Individual 
1

Mucus 0.0092

Soft tissue 0.0075

Skeleton 0.0298

Individual 
2

Mucus 0.0091

Soft tissue 0.0019

Skeleton 0.0067

Individual 
3

Mucus 0.026

Soft tissue 0.0046

Skeleton 0.0124

Supplementary Table S1 - Variations in the abundance of cyanophycin synthetase (CphA) gene (K03802) in the metagenomes of all coral compartments in individuals collected
at different acidification sites. The values of relative abundance (r.a.) are calculated on the total number of reads assigned to KOs (i.e., number of reads assigned to K03802 divided by
the sum of all reads in a given sample).
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Compartment K02584 K02585 K02586 K02587 K02588 K02591 K02592 K02594 K04488

Si
te

 1
 –

Co
nt

ro
l

Individual 
1

Mucus 0.0019% 0.0011% 0.0036% 0.0038% 0.0011% 0.0036% 0.0019% 0.0016% 0.0011%
Soft tissue 0.0215% 0.0148% 0.0101% 0.0228% 0.0020% 0% 0.0215% 0% 0.0040%
Skeleton 0.0438% 0.0310% 0.0082% 0.0018% 0.0018% 0% 0.0100% 0% 0.0091%

Individual 
2

Mucus 0.0057% 0.6320% 0.0018% 0.0037% 0.0024% 0.0024% 0.0019% 0.0067% 0%
Soft tissue 0.0107% 0.0164% 0.0100% 0.0064% 0.0014% 0.0136% 0.0157% 0.0050% 0.0050%
Skeleton 0% 0% 0% 0% 0% 0% 0% 0% 0%

Individual 
3

Mucus 0.0147% 0.0018% 0.0159% 0.0196% 0.0184% 0.0257% 0.0037% 0.0159% 0.0098%
Soft tissue 0% 0.0148% 0% 0.0485% 0% 0.0138% 0% 0% 0%
Skeleton 0.0396% 0% 0.0108% 0.0126% 0.0459% 0.0027% 0% 0% 0%

Supplementary Table S2 - Variations in the abundance of genes associated to the Nif (nitrogen fixation) regulon in metagenomes of all coral compartments in individuals
collected at different acidification sites. The values of relative abundance (r.a.) are calculated on the total number of reads assigned to KOs (i.e., number of reads assigned to each Nif-
associated KO divided by the sum of all reads in a given sample). The correspondence between KO numbers and genes is the following: K02584 - Nif-specific regulatory protein; K02585
- Nitrogen fixation protein NifB; K02586 - Nitrogenase molybdenum-iron protein alpha chain; K02587 - Nitrogenase molybdenum-cofactor synthesis protein NifE; K02588 - Nitrogenase
iron protein NifH; K02591 - Nitrogenase molybdenum-iron protein beta chain; K02592 - Nitrogenase molybdenum-iron protein NifN; K02594 - Homocitrate synthase NifV; K04488 -
Nitrogen fixation protein NifU and related proteins.

Si
te

 2
 –

M
ild

 a
ci

di
fic

at
io

n

Individual 
1

Mucus 0.0322% 0.0397% 0.0185% 0.0082% 0.0034% 0.0041% 0.0110% 0.0151% 0.0171%
Soft tissue 0.0017% 0.0103% 0.0017% 0.0361% 0% 0.0456% 0.0103% 0.0112% 0.0103%
Skeleton 0.0589% 0.0115% 0.0390% 0% 0.0115% 0.0269% 0.0115% 0% 0%

Individual 
2

Mucus 0.0284% 0.0022% 0.0203% 0.0081% 0% 0.0184% 0.0066% 0.0203% 0.0137%
Soft tissue 0.0469% 0% 0% 0.0517% 0.0065% 0.0065% 0.0129% 0% 0.0016%
Skeleton 0% 0.0095% 0.0165% 0% 0.0046% 0% 0% 0.0095% 0.0211%

Individual 
3

Mucus 0% 0% 0% 0% 0.0017% 0.0017% 0% 0.0017% 0.0083%
Soft tissue 0.0161% 0.0030% 0% 0.0030% 0% 0.0030% 0.0030% 0% 0.0131%
Skeleton 0% 0.0132% 0.0010% 0.0010% 0% 0.0122% 0.0243% 0.0435% 0.0851%

Si
te

 3
 –

H
ig

h 
ac

id
ifi

ca
tio

n

Individual 
1

Mucus 0.0031% 0.0010% 0.0212% 0.0212% 0.0010% 0.0031% 0.0041% 0.0092% 0.0256%
Soft tissue 0.0115% 0.0020% 0% 0.0075% 0.0040% 0.0095% 0% 0.0075% 0.0055%
Skeleton 0.0088% 0.0026% 0% 0% 0% 0.0175% 0.0079% 0.0070% 0.0079%

Individual 
2

Mucus 0.0155% 0.0155% 0.0255% 0.0091% 0.0027% 0.0255% 0.0027% 0.0428% 0%
Soft tissue 0.0019% 0% 0.0055% 0% 0% 0.0055% 0.0019% 0% 0%
Skeleton 0.0208% 0.0208% 0% 0% 0% 0.0208% 0% 0% 0%

Individual 
3

Mucus 0.0318% 0.0034% 0.0034% 0% 0.0134% 0.0042% 0.0151% 0.0017% 0.0184%
Soft tissue 0.0158% 0.0164% 0.0053% 0.0184% 0.0066% 0.0099% 0.0197% 0.0092% 0.0132%
Skeleton 0.0770% 0.0124% 0% 0% 0% 0.0028% 0.0289% 0.0422% 0.0298%

Table S5 - VariaEons in the abundance of genes associated with the Nif (nitrogen fixaEon) regulon in 

metagenomes of all coral compartments in individuals collected at different acidificaEon sites. The values of 

relaOve abundance (r.a.) are calculated on the total number of reads assigned to KOs (i.e., number of reads assigned 

to each Nif- associated KO divided by the sum of all reads in a given sample). The correspondence between KO 

numbers and genes is the following: K02584 - Nif-specific regulatory protein; K02585 - Nitrogen fixaOon protein 

NifB; K02586 - Nitrogenase molybdenum-iron protein alpha chain; K02587 - Nitrogenase molybdenum-cofactor 

synthesis protein NifE; K02588 - Nitrogenase iron protein NifH; K02591 - Nitrogenase molybdenum-iron protein beta 

chain; K02592 - Nitrogenase molybdenum-iron protein NifN; K02594 - Homocitrate synthase NifV; K04488 - 

Nitrogen fixaOon protein NifU and related proteins.
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Table S6 (two pages) - Meteorological parameters during the PM sampling period. The first column reports the 

sample ID, while the second indicates the sampling date. The meteorological parameters taken into account are 

temperature (T, °C), relaOve humidity (RH, %), pressure (P, mbar), rainfall (Rain, mm), wind speed (ws, m/s, and wind 

direcOon (wd, °). All values were taken every 30 min and averaged on a daily basis.

Supplementary Table S2 (2 pages) – Meteorological parameters during the PM sampling period.
The first column reports the sample ID, while the second indicates the sampling date. The
meteorological parameters taken into account are temperature (T, °C), relative humidity (RH, %),
pressure (P, mbar), rainfall (Rain, mm), wind speed (ws, m/s, and wind direction (wd, °). All values
were taken every 30 min and averaged on a daily basis.

Sample ID Sampling date T (°C) RH (%) P (mbar) Rain (mm) ws (m/s) wd (°)
1 01-Feb-2012 0.2 62.5 1019.3 0 4.6 318
2 05-Feb-2012 -1.6 49.1 1029.3 0 2.3 316
3 06-Feb-2012 -1.1 41.1 1023.5 0 3.7 321
4 09-Feb-2012 5.6 30.5 1025.5 0 1.9 323
5 11-Feb-2012 -0.8 47.9 1024 0 3 323
6 14-Feb-2012 4.5 41.2 1020.3 0 0.9 315
7 15-Feb-2012 5.2 62.7 1016.6 0 0.5 242
8 17-Feb-2012 8.5 61.9 1027.2 0 0.5 219
9 18-Feb-2012 11.3 67.8 1026 0 0.8 237
10 19-Feb-2012 8.8 73.4 1023.7 0 0.1 270
11 23-Feb-2012 13.6 32.4 1028.4 0 1.9 318
12 25-Feb-2012 12.1 73.2 1026.6 0 0.2 197
13 26-Feb-2012 13 52.1 1019.3 0 0.6 35
14 27-Feb-2012 11.5 40.2 1026.3 0 0.7 318
15 28-Feb-2012 10.7 72.4 1028 0 0.4 232
16 06-Mar-2012 6.9 64.7 1023.5 1 3.7 314
17 09-Mar-2012 11.5 42.1 1035.4 0 4.2 306
18 10-Mar-2012 12.4 30.8 1034.6 0 3 324
19 11-Mar-2012 14.8 26.1 1026.9 0 2.5 317
20 12-Mar-2012 13.8 60 1025.3 0 0.5 334
21 14-Mar-2012 13.3 64.4 1031.5 0 0.8 326
22 19-Mar-2012 12.3 73 1028.7 1.4 0.7 150
23 21-Mar-2012 17 37.3 1037.4 0 3.4 313
24 23-Mar-2012 13.7 58.8 1031.8 0 0.4 92
25 24-Mar-2012 14.9 50.7 1028.5 0 0.5 358
26 25-Mar-2012 16 45 1029.2 0.8 0.7 350
27 27-Mar-2012 17.4 36.8 1031.3 0 0.7 260
28 28-Mar-2012 16.3 44.6 1029.7 0 0.3 79
29 29-Mar-2012 13.9 65.2 1024 0 0.4 76
30 02-Apr-2012 14.6 53.2 1017 0 1.9 330
31 03-Apr-2012 15 65.6 1015.2 0 0.5 67
32 04-Apr-2012 13.6 78.2 1014 23.4 0.3 307
33 05-Apr-2012 14.6 71.2 1013.7 4.6 0.8 279
34 08-Apr-2012 15.4 44.4 1006.9 0 0.9 42
35 09-Apr-2012 11.3 49.4 1017.1 0 0.3 303
36 10-Apr-2012 10.5 79.4 1015.9 5.2 0.1 61
37 11-Apr-2012 10 68.9 1006.6 18.6 1.6 313
38 12-Apr-2012 11.6 75.4 1009.5 0 0.3 115
39 13-Apr-2012 14.8 59.9 1005.5 8.8 1 304
40 14-Apr-2012 12.5 68.3 1001.5 0.6 1.5 306
41 15-Apr-2012 12.7 70.2 1003.3 0.8 0.4 38
42 16-Apr-2012 14 57.6 1009.7 1.2 1.2 305
43 17-Apr-2012 15.5 50.2 1011.7 0.2 0.6 272
44 18-Apr-2012 13.6 70.3 1004.1 0.6 0.5 95
45 23-Apr-2012 NA NA 1012.7 0 0.1 270
46 25-Apr-2012 11.5 80.7 1016.4 0 0.3 252Sample ID Sampling date T (°C) RH (%) P (mbar) Rain (mm) ws (m/s) wd (°)
47 26-Apr-2012 NA NA 1024.2 0 NA NA
48 02-May-2012 14.2 79.7 1022.8 0.2 0.3 68
49 10-May-2012 18.1 71.9 1029.4 0 0 68
50 14-May-2012 16.3 51.3 1020.1 0 1.2 287
51 16-May-2012 18.2 29.6 1017.4 0 0.7 56
52 17-May-2012 16.9 27.3 1022.9 0 0.5 268
53 18-May-2012 16.2 51.4 1021.4 0 0.1 354
54 19-May-2012 15.8 54.2 1020.8 0.4 0.1 277
55 20-May-2012 14.8 71.3 1017.5 11.4 0.3 291
56 22-May-2012 17.4 59.6 1012.3 0 0.2 256
57 23-May-2012 18.2 72.9 1019 0 0.1 68
58 26-May-2012 20.8 56.6 1021.4 0 0.2 276
59 27-May-2012 20.5 64 1022.1 0 0.1 149
60 30-May-2012 20.4 75.5 1022.9 0 0.3 236
61 02-Jun-2012 19.7 85.8 1021.2 1.2 0.3 79
62 03-Jun-2012 20 86.8 1019.9 5.4 0.5 73
63 04-Jun-2012 20.4 77 1013.4 1 0.4 181
64 05-Jun-2012 19.5 71.1 1016.9 0 0.3 68
65 06-Jun-2012 18.6 78.6 1018.6 0 0.2 68
66 09-Jun-2012 21.3 75.3 1017.3 0 0.1 231
67 11-Jun-2012 20.8 74.7 1009.6 0 0.2 69
68 12-Jun-2012 19.6 72.8 1007.7 0 0.6 64
69 13-Jun-2012 19.7 71.1 1016.6 0 0.6 67
70 14-Jun-2012 20 69.9 1023.3 0 0.7 69
71 15-Jun-2012 20 62.7 1026.1 0 0.2 68
72 16-Jun-2012 25.3 51.7 1025.1 0 0.2 36
73 17-Jun-2012 24.2 55.3 1023.5 0 0.1 68
74 19-Jun-2012 25.8 61.8 1020.7 0 0.1 63
75 20-Jun-2012 24.6 58.3 1018.5 0 0.1 293
76 21-Jun-2012 23.3 66.9 1015.9 0 0.4 63
77 22-Jun-2012 24.1 71.4 1019.9 0 0.3 66
78 23-Jun-2012 24.9 69.3 1022.9 0 0.2 85
79 24-Jun-2012 24.8 70.2 1022.4 0 0.2 80
80 25-Jun-2012 23.6 74.9 1018 0 0.2 68
81 26-Jun-2012 25.2 66.2 1019.8 0 0.1 62
82 27-Jun-2012 28.6 49.1 1021.3 0 0.3 14
83 28-Jun-2012 26.6 58.5 1019.3 0 0.2 68
84 01-Jul-2012 25.8 71.2 1019.2 0 0.2 59
85 03-Jul-2012 23.4 68.8 1020.3 0 0.3 68
86 05-Jul-2012 24.5 61 1016.3 0 0.1 60
87 07-Jul-2012 23.9 76.4 1018.4 0.6 0.6 66
88 08-Jul-2012 24.4 73.5 1017.8 0 0.3 69
89 10-Jul-2012 25.4 71.9 1017.6 0 0.4 72
90 11-Jul-2012 24.9 74.3 1018.4 0.2 0.4 68
91 13-Jul-2012 23.6 69.7 1015 0 0.3 68
92 14-Jul-2012 23.7 76.5 1013.6 0 0.8 71
93 15-Jul-2012 23.5 68.4 1015.7 0 0.3 68
94 16-Jul-2012 25.7 39.8 1024 NA 0.8 281
95 17-Jul-2012 25.4 44 1025.9 NA 0.3 78
96 18-Jul-2012 24.8 55 1023.6 NA 0.3 69
97 19-Jul-2012 21.3 76.7 1021 NA 0 68
98 20-Jul-2012 0.2 62.5 1019.3 0 4.6 318
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Sample ID Sampling date T (°C) RH (%) P (mbar) Rain (mm) ws (m/s) wd (°)
47 26-Apr-2012 NA NA 1024.2 0 NA NA
48 02-May-2012 14.2 79.7 1022.8 0.2 0.3 68
49 10-May-2012 18.1 71.9 1029.4 0 0 68
50 14-May-2012 16.3 51.3 1020.1 0 1.2 287
51 16-May-2012 18.2 29.6 1017.4 0 0.7 56
52 17-May-2012 16.9 27.3 1022.9 0 0.5 268
53 18-May-2012 16.2 51.4 1021.4 0 0.1 354
54 19-May-2012 15.8 54.2 1020.8 0.4 0.1 277
55 20-May-2012 14.8 71.3 1017.5 11.4 0.3 291
56 22-May-2012 17.4 59.6 1012.3 0 0.2 256
57 23-May-2012 18.2 72.9 1019 0 0.1 68
58 26-May-2012 20.8 56.6 1021.4 0 0.2 276
59 27-May-2012 20.5 64 1022.1 0 0.1 149
60 30-May-2012 20.4 75.5 1022.9 0 0.3 236
61 02-Jun-2012 19.7 85.8 1021.2 1.2 0.3 79
62 03-Jun-2012 20 86.8 1019.9 5.4 0.5 73
63 04-Jun-2012 20.4 77 1013.4 1 0.4 181
64 05-Jun-2012 19.5 71.1 1016.9 0 0.3 68
65 06-Jun-2012 18.6 78.6 1018.6 0 0.2 68
66 09-Jun-2012 21.3 75.3 1017.3 0 0.1 231
67 11-Jun-2012 20.8 74.7 1009.6 0 0.2 69
68 12-Jun-2012 19.6 72.8 1007.7 0 0.6 64
69 13-Jun-2012 19.7 71.1 1016.6 0 0.6 67
70 14-Jun-2012 20 69.9 1023.3 0 0.7 69
71 15-Jun-2012 20 62.7 1026.1 0 0.2 68
72 16-Jun-2012 25.3 51.7 1025.1 0 0.2 36
73 17-Jun-2012 24.2 55.3 1023.5 0 0.1 68
74 19-Jun-2012 25.8 61.8 1020.7 0 0.1 63
75 20-Jun-2012 24.6 58.3 1018.5 0 0.1 293
76 21-Jun-2012 23.3 66.9 1015.9 0 0.4 63
77 22-Jun-2012 24.1 71.4 1019.9 0 0.3 66
78 23-Jun-2012 24.9 69.3 1022.9 0 0.2 85
79 24-Jun-2012 24.8 70.2 1022.4 0 0.2 80
80 25-Jun-2012 23.6 74.9 1018 0 0.2 68
81 26-Jun-2012 25.2 66.2 1019.8 0 0.1 62
82 27-Jun-2012 28.6 49.1 1021.3 0 0.3 14
83 28-Jun-2012 26.6 58.5 1019.3 0 0.2 68
84 01-Jul-2012 25.8 71.2 1019.2 0 0.2 59
85 03-Jul-2012 23.4 68.8 1020.3 0 0.3 68
86 05-Jul-2012 24.5 61 1016.3 0 0.1 60
87 07-Jul-2012 23.9 76.4 1018.4 0.6 0.6 66
88 08-Jul-2012 24.4 73.5 1017.8 0 0.3 69
89 10-Jul-2012 25.4 71.9 1017.6 0 0.4 72
90 11-Jul-2012 24.9 74.3 1018.4 0.2 0.4 68
91 13-Jul-2012 23.6 69.7 1015 0 0.3 68
92 14-Jul-2012 23.7 76.5 1013.6 0 0.8 71
93 15-Jul-2012 23.5 68.4 1015.7 0 0.3 68
94 16-Jul-2012 25.7 39.8 1024 NA 0.8 281
95 17-Jul-2012 25.4 44 1025.9 NA 0.3 78
96 18-Jul-2012 24.8 55 1023.6 NA 0.3 69
97 19-Jul-2012 21.3 76.7 1021 NA 0 68
98 20-Jul-2012 0.2 62.5 1019.3 0 4.6 318

Sample ID Sampling date T (°C) RH (%) P (mbar) Rain (mm) ws (m/s) wd (°)
47 26-Apr-2012 NA NA 1024.2 0 NA NA
48 02-May-2012 14.2 79.7 1022.8 0.2 0.3 68
49 10-May-2012 18.1 71.9 1029.4 0 0 68
50 14-May-2012 16.3 51.3 1020.1 0 1.2 287
51 16-May-2012 18.2 29.6 1017.4 0 0.7 56
52 17-May-2012 16.9 27.3 1022.9 0 0.5 268
53 18-May-2012 16.2 51.4 1021.4 0 0.1 354
54 19-May-2012 15.8 54.2 1020.8 0.4 0.1 277
55 20-May-2012 14.8 71.3 1017.5 11.4 0.3 291
56 22-May-2012 17.4 59.6 1012.3 0 0.2 256
57 23-May-2012 18.2 72.9 1019 0 0.1 68
58 26-May-2012 20.8 56.6 1021.4 0 0.2 276
59 27-May-2012 20.5 64 1022.1 0 0.1 149
60 30-May-2012 20.4 75.5 1022.9 0 0.3 236
61 02-Jun-2012 19.7 85.8 1021.2 1.2 0.3 79
62 03-Jun-2012 20 86.8 1019.9 5.4 0.5 73
63 04-Jun-2012 20.4 77 1013.4 1 0.4 181
64 05-Jun-2012 19.5 71.1 1016.9 0 0.3 68
65 06-Jun-2012 18.6 78.6 1018.6 0 0.2 68
66 09-Jun-2012 21.3 75.3 1017.3 0 0.1 231
67 11-Jun-2012 20.8 74.7 1009.6 0 0.2 69
68 12-Jun-2012 19.6 72.8 1007.7 0 0.6 64
69 13-Jun-2012 19.7 71.1 1016.6 0 0.6 67
70 14-Jun-2012 20 69.9 1023.3 0 0.7 69
71 15-Jun-2012 20 62.7 1026.1 0 0.2 68
72 16-Jun-2012 25.3 51.7 1025.1 0 0.2 36
73 17-Jun-2012 24.2 55.3 1023.5 0 0.1 68
74 19-Jun-2012 25.8 61.8 1020.7 0 0.1 63
75 20-Jun-2012 24.6 58.3 1018.5 0 0.1 293
76 21-Jun-2012 23.3 66.9 1015.9 0 0.4 63
77 22-Jun-2012 24.1 71.4 1019.9 0 0.3 66
78 23-Jun-2012 24.9 69.3 1022.9 0 0.2 85
79 24-Jun-2012 24.8 70.2 1022.4 0 0.2 80
80 25-Jun-2012 23.6 74.9 1018 0 0.2 68
81 26-Jun-2012 25.2 66.2 1019.8 0 0.1 62
82 27-Jun-2012 28.6 49.1 1021.3 0 0.3 14
83 28-Jun-2012 26.6 58.5 1019.3 0 0.2 68
84 01-Jul-2012 25.8 71.2 1019.2 0 0.2 59
85 03-Jul-2012 23.4 68.8 1020.3 0 0.3 68
86 05-Jul-2012 24.5 61 1016.3 0 0.1 60
87 07-Jul-2012 23.9 76.4 1018.4 0.6 0.6 66
88 08-Jul-2012 24.4 73.5 1017.8 0 0.3 69
89 10-Jul-2012 25.4 71.9 1017.6 0 0.4 72
90 11-Jul-2012 24.9 74.3 1018.4 0.2 0.4 68
91 13-Jul-2012 23.6 69.7 1015 0 0.3 68
92 14-Jul-2012 23.7 76.5 1013.6 0 0.8 71
93 15-Jul-2012 23.5 68.4 1015.7 0 0.3 68
94 16-Jul-2012 25.7 39.8 1024 NA 0.8 281
95 17-Jul-2012 25.4 44 1025.9 NA 0.3 78
96 18-Jul-2012 24.8 55 1023.6 NA 0.3 69
97 19-Jul-2012 21.3 76.7 1021 NA 0 68
98 20-Jul-2012 0.2 62.5 1019.3 0 4.6 318
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Table S7 (two pages) - Normalized contribuEons per sample of the seven factors resolved by PMF analysis. The 

first column reports the sample ID. All the other columns represent the contribuOon of each factor idenOfied by 

PMF on the corresponding sample.

Supplementary Table S1 (2 pages) –Normalized contributions per sample of the seven factors
resolved by PMF analysis. The first column reports the sample ID. All the other columns represent
the contribution of each factor identified by PMF on the corresponding sample.

Sample ID Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Factor 6 Factor 7
1 -0.01 -0.12 2.37 1.7 -0.2 2.96 -0.2
2 0.03 -0.2 3.73 1.17 0.18 3.04 -0.14
3 2.83 0.47 3.42 1.22 0.13 4.42 -0.2
4 4.17 1.34 2.84 1.24 0.31 5 0.18
5 0.89 -0.2 4.4 3.68 -0.2 3.34 0
6 0.94 0.96 0.98 1.96 -0.16 1.2 0.24
7 0.16 1.74 0.9 0.9 0.29 0.54 0.71
8 1.25 0.97 3.39 -0.2 1.21 0.55 0.59
9 -0.2 0.93 2.79 0.18 1.6 0.8 0.88
10 0.67 -0.2 0.28 -0.09 1.01 9.02 -0.07
11 2.29 0.09 -0.02 -0.2 0.79 5.42 -0.08
12 0.31 0.36 2.42 0.48 2.25 1.42 0.1
13 0.61 1.23 0.41 0.93 0.98 1.61 -0.01
14 1.9 2.14 0.3 0.11 0.4 2.38 -0.14
15 0.02 2.57 2.02 0.68 0.67 0 0.2
16 -0.05 0.36 1 0.65 -0.04 1.29 -0.09
17 1.74 0.28 3.35 0.39 0.14 0.9 -0.09
18 1.89 0.17 2.61 0.52 0.44 1.38 -0.13
19 0.75 0.38 3.12 0.34 0.57 1.39 -0.08
20 1.03 1.98 3.08 0.17 0.97 1.21 0.03
21 0.08 1.7 8.18 0.63 0.18 0.4 0.06
22 0.08 1.38 0.37 0.17 0.85 0.33 3.16
23 2.76 1.06 0.18 0.58 0.49 1.94 -0.2
24 1.58 3.06 1.85 1.71 0.54 2.5 -0.1
25 2.27 2.17 0.76 2.56 0.29 0.49 0.04
26 3.26 0.93 1.15 1.32 0.58 0.96 0.15
27 2.36 1.71 -0.2 1.7 -0.05 1.98 -0.17
28 1.71 3.84 -0.16 1.53 -0.2 3.08 -0.14
29 1.24 1.52 1.83 2.36 0.34 1.53 -0.03
30 4.01 0.15 1.05 -0.2 2.21 3.42 0.64
31 2.65 0.27 1.74 0.04 2.18 1.61 0.31
32 0.68 -0.1 4.53 1.13 0.46 1.42 0
33 0.12 0.99 0.41 0.51 0.26 0.11 0.13
34 1.32 0.35 0.08 0.39 0.12 0.3 0.43
35 0.54 0.72 0.53 0.34 0.41 0.29 0.65
36 -0.18 1.84 1.21 0.72 0.38 0.9 0.07
37 0.18 0.84 -0.16 0.09 -0.04 0.94 -0.05
38 0.17 0.79 0.7 -0.18 0.88 0.42 2.75
39 0.49 0.42 0.39 0.32 0.63 0.74 0.24
40 -0.13 0.57 0.01 0.4 -0.04 0.33 -0.01
41 -0.19 0.59 0.21 0.37 0.17 0.25 0.22
42 0.54 0.68 0.04 0.46 -0.05 0.3 -0.01
43 0.24 1.08 0.28 0.51 -0.1 0.75 0.33
44 0.18 1.94 0.83 0.01 0.81 1.26 3.35
45 0.14 0.66 0.09 0 -0.07 0.37 8.38
46 0.21 0.38 0.27 -0.12 0.79 0.13 6.81
47 0.26 0.6 0.61 -0.06 1.3 0.94 3.99Sample ID Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Factor 6 Factor 7
48 0.57 0.52 0.78 0.32 1.47 1.01 0.35
49 0.09 1.91 0.2 1.1 2.04 1.1 0.03
50 0.74 1.13 0.77 0.73 0.81 -0.2 0.82
51 3.12 1.29 -0.2 0.33 0.13 0.38 0
52 1.45 0.79 -0.1 0.4 0.26 0.73 0.08
53 1.62 2.78 0.21 0.34 0.31 0.59 -0.03
54 2.19 1.91 1.53 0.76 0.02 0.14 -0.02
55 0.74 0.5 4.04 0.58 0.11 -0.2 0.07
56 0.29 1.16 0.13 0.13 0.17 0.74 0.78
57 0.02 1.74 1.17 0.05 1.48 0.29 0.41
58 0.95 1.6 0.19 1.76 0.04 1.43 -0.09
59 0.25 1.47 0.18 1.9 -0.14 1.32 -0.08
60 -0.2 1.22 -0.06 2.94 0.44 0.7 -0.03
61 0.31 0.31 -0.2 1.71 0.62 1.08 -0.04
62 -0.16 -0.2 -0.2 3.74 2.36 0.79 0.13
63 0.13 0.85 0.23 0.94 1.11 0.07 2.08
64 0.11 0.83 1.31 0.08 1.99 0.05 1.68
65 0.34 0.53 0.57 -0.19 2.85 0.05 0.73
66 0.07 0.22 1.65 0.53 2.55 0.28 4.15
67 0.29 0.5 0.37 0.47 2.27 0.36 6.23
68 0.39 0.48 -0.2 0.2 0.62 0.27 8.04
69 0.17 0.31 0.53 -0.2 2.2 0.15 7.55
70 0.05 -0.2 1.14 0.18 1.92 0.18 5.54
71 0.31 1.37 0.66 0.44 2.36 0.48 0.11
72 1.23 1.38 0.3 1.66 1.22 0.65 -0.01
73 0.45 2.44 0.27 1.88 0.72 0.18 0.04
74 1.87 2.97 0.22 2.89 0.06 0.24 0
75 2.48 2.24 -0.11 2.57 0.1 1.39 -0.04
76 3.19 0.44 0.84 1.61 3.58 0.29 0.28
77 3.34 0.38 -0.1 3.68 2.98 0.62 -0.06
78 1.3 0.68 0.44 3.58 3.21 0.75 0.05
79 1.12 1.1 -0.02 3.3 2.47 0.92 0.01
80 0.13 0.74 0.88 2.93 2.8 -0.01 0.06
81 0.85 2.22 0.23 2.4 2.13 0.11 0.02
82 2.44 1.31 -0.16 0.23 1.18 1.02 -0.13
83 0.73 1.96 0.37 2.24 0.72 0.37 -0.02
84 3.45 0.53 -0.18 2.88 1.04 0.31 -0.11
85 1.6 0 1.45 0.92 1.27 0.53 3.41
86 2.4 1.89 0.08 1.78 0.36 0.22 -0.06
87 0.77 0.22 0.75 -0.16 3.71 0.55 0.34
88 0.48 0.76 0.01 1.72 1.81 0.2 0.01
89 0.19 -0.01 1.21 1.13 2.83 -0.2 0.38
90 0.33 0.06 1.22 1.24 3.15 0.26 0.45
91 0.28 0.53 1.51 -0.17 1.29 -0.09 9.64
92 0.24 -0.01 1.75 1.49 0.83 -0.02 5.21
93 0.43 0.45 0.74 -0.05 2.12 0.07 6.8
94 3.51 1.76 -0.03 0.42 0.44 0.63 0.36
95 2.07 2.15 0.02 0.62 0.51 0.6 0
96 1.37 2.47 0.11 1.42 0.36 0.48 -0.05
97 0.03 0.76 0.98 1.54 2.1 -0.2 0.19
98 0.2 0.12 0.45 1.93 2.33 0.76 0.07
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Sample ID Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Factor 6 Factor 7
48 0.57 0.52 0.78 0.32 1.47 1.01 0.35
49 0.09 1.91 0.2 1.1 2.04 1.1 0.03
50 0.74 1.13 0.77 0.73 0.81 -0.2 0.82
51 3.12 1.29 -0.2 0.33 0.13 0.38 0
52 1.45 0.79 -0.1 0.4 0.26 0.73 0.08
53 1.62 2.78 0.21 0.34 0.31 0.59 -0.03
54 2.19 1.91 1.53 0.76 0.02 0.14 -0.02
55 0.74 0.5 4.04 0.58 0.11 -0.2 0.07
56 0.29 1.16 0.13 0.13 0.17 0.74 0.78
57 0.02 1.74 1.17 0.05 1.48 0.29 0.41
58 0.95 1.6 0.19 1.76 0.04 1.43 -0.09
59 0.25 1.47 0.18 1.9 -0.14 1.32 -0.08
60 -0.2 1.22 -0.06 2.94 0.44 0.7 -0.03
61 0.31 0.31 -0.2 1.71 0.62 1.08 -0.04
62 -0.16 -0.2 -0.2 3.74 2.36 0.79 0.13
63 0.13 0.85 0.23 0.94 1.11 0.07 2.08
64 0.11 0.83 1.31 0.08 1.99 0.05 1.68
65 0.34 0.53 0.57 -0.19 2.85 0.05 0.73
66 0.07 0.22 1.65 0.53 2.55 0.28 4.15
67 0.29 0.5 0.37 0.47 2.27 0.36 6.23
68 0.39 0.48 -0.2 0.2 0.62 0.27 8.04
69 0.17 0.31 0.53 -0.2 2.2 0.15 7.55
70 0.05 -0.2 1.14 0.18 1.92 0.18 5.54
71 0.31 1.37 0.66 0.44 2.36 0.48 0.11
72 1.23 1.38 0.3 1.66 1.22 0.65 -0.01
73 0.45 2.44 0.27 1.88 0.72 0.18 0.04
74 1.87 2.97 0.22 2.89 0.06 0.24 0
75 2.48 2.24 -0.11 2.57 0.1 1.39 -0.04
76 3.19 0.44 0.84 1.61 3.58 0.29 0.28
77 3.34 0.38 -0.1 3.68 2.98 0.62 -0.06
78 1.3 0.68 0.44 3.58 3.21 0.75 0.05
79 1.12 1.1 -0.02 3.3 2.47 0.92 0.01
80 0.13 0.74 0.88 2.93 2.8 -0.01 0.06
81 0.85 2.22 0.23 2.4 2.13 0.11 0.02
82 2.44 1.31 -0.16 0.23 1.18 1.02 -0.13
83 0.73 1.96 0.37 2.24 0.72 0.37 -0.02
84 3.45 0.53 -0.18 2.88 1.04 0.31 -0.11
85 1.6 0 1.45 0.92 1.27 0.53 3.41
86 2.4 1.89 0.08 1.78 0.36 0.22 -0.06
87 0.77 0.22 0.75 -0.16 3.71 0.55 0.34
88 0.48 0.76 0.01 1.72 1.81 0.2 0.01
89 0.19 -0.01 1.21 1.13 2.83 -0.2 0.38
90 0.33 0.06 1.22 1.24 3.15 0.26 0.45
91 0.28 0.53 1.51 -0.17 1.29 -0.09 9.64
92 0.24 -0.01 1.75 1.49 0.83 -0.02 5.21
93 0.43 0.45 0.74 -0.05 2.12 0.07 6.8
94 3.51 1.76 -0.03 0.42 0.44 0.63 0.36
95 2.07 2.15 0.02 0.62 0.51 0.6 0
96 1.37 2.47 0.11 1.42 0.36 0.48 -0.05
97 0.03 0.76 0.98 1.54 2.1 -0.2 0.19
98 0.2 0.12 0.45 1.93 2.33 0.76 0.07

Sample ID Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Factor 6 Factor 7
48 0.57 0.52 0.78 0.32 1.47 1.01 0.35
49 0.09 1.91 0.2 1.1 2.04 1.1 0.03
50 0.74 1.13 0.77 0.73 0.81 -0.2 0.82
51 3.12 1.29 -0.2 0.33 0.13 0.38 0
52 1.45 0.79 -0.1 0.4 0.26 0.73 0.08
53 1.62 2.78 0.21 0.34 0.31 0.59 -0.03
54 2.19 1.91 1.53 0.76 0.02 0.14 -0.02
55 0.74 0.5 4.04 0.58 0.11 -0.2 0.07
56 0.29 1.16 0.13 0.13 0.17 0.74 0.78
57 0.02 1.74 1.17 0.05 1.48 0.29 0.41
58 0.95 1.6 0.19 1.76 0.04 1.43 -0.09
59 0.25 1.47 0.18 1.9 -0.14 1.32 -0.08
60 -0.2 1.22 -0.06 2.94 0.44 0.7 -0.03
61 0.31 0.31 -0.2 1.71 0.62 1.08 -0.04
62 -0.16 -0.2 -0.2 3.74 2.36 0.79 0.13
63 0.13 0.85 0.23 0.94 1.11 0.07 2.08
64 0.11 0.83 1.31 0.08 1.99 0.05 1.68
65 0.34 0.53 0.57 -0.19 2.85 0.05 0.73
66 0.07 0.22 1.65 0.53 2.55 0.28 4.15
67 0.29 0.5 0.37 0.47 2.27 0.36 6.23
68 0.39 0.48 -0.2 0.2 0.62 0.27 8.04
69 0.17 0.31 0.53 -0.2 2.2 0.15 7.55
70 0.05 -0.2 1.14 0.18 1.92 0.18 5.54
71 0.31 1.37 0.66 0.44 2.36 0.48 0.11
72 1.23 1.38 0.3 1.66 1.22 0.65 -0.01
73 0.45 2.44 0.27 1.88 0.72 0.18 0.04
74 1.87 2.97 0.22 2.89 0.06 0.24 0
75 2.48 2.24 -0.11 2.57 0.1 1.39 -0.04
76 3.19 0.44 0.84 1.61 3.58 0.29 0.28
77 3.34 0.38 -0.1 3.68 2.98 0.62 -0.06
78 1.3 0.68 0.44 3.58 3.21 0.75 0.05
79 1.12 1.1 -0.02 3.3 2.47 0.92 0.01
80 0.13 0.74 0.88 2.93 2.8 -0.01 0.06
81 0.85 2.22 0.23 2.4 2.13 0.11 0.02
82 2.44 1.31 -0.16 0.23 1.18 1.02 -0.13
83 0.73 1.96 0.37 2.24 0.72 0.37 -0.02
84 3.45 0.53 -0.18 2.88 1.04 0.31 -0.11
85 1.6 0 1.45 0.92 1.27 0.53 3.41
86 2.4 1.89 0.08 1.78 0.36 0.22 -0.06
87 0.77 0.22 0.75 -0.16 3.71 0.55 0.34
88 0.48 0.76 0.01 1.72 1.81 0.2 0.01
89 0.19 -0.01 1.21 1.13 2.83 -0.2 0.38
90 0.33 0.06 1.22 1.24 3.15 0.26 0.45
91 0.28 0.53 1.51 -0.17 1.29 -0.09 9.64
92 0.24 -0.01 1.75 1.49 0.83 -0.02 5.21
93 0.43 0.45 0.74 -0.05 2.12 0.07 6.8
94 3.51 1.76 -0.03 0.42 0.44 0.63 0.36
95 2.07 2.15 0.02 0.62 0.51 0.6 0
96 1.37 2.47 0.11 1.42 0.36 0.48 -0.05
97 0.03 0.76 0.98 1.54 2.1 -0.2 0.19
98 0.2 0.12 0.45 1.93 2.33 0.76 0.07
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Table S8 - CharacterisEcs of the OTUs accounEng for the composiEonal specificity of the four AM clusters. For 

each OTU, the following informaOon is given: unique OTUs ID, taxonomy as assigned with SILVA database, the 

cluster/s to which each OTU is significantly correlated (i.e., the cluster/s in which the given OTU is significantly more 

represented), the BLAST best hit resulOng from blasOng OTU fasta sequences against the NCBI 16S rRNA sequence 

database, the percentage of idenOty (ID (%)) and coverage (coverage (%)) between the OTU sequences and the 

corresponding best hit, and the isolaOon source of each best hit as reported in the GenBank database.
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