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Abstract:  35 

Plastics are offering a new niche for microorganisms colonizing their surface, the so-called 36 

‘plastisphere’, in which diversity and community structure remain to be characterized and 37 

compared across ocean pelagic regions. Here we compared the bacterial diversity of 38 

microorganisms living on plastic marine debris (PMD) and the surrounding free-living (FL) 39 

and organic particle-attached (PA) lifestyles sampled during the Tara expeditions in two of the 40 

most plastic polluted zones in the world Ocean, i.e. the North Pacific gyre and the 41 

Mediterranean Sea. The 16S rRNA gene sequencing analysis confirmed that PMD are a new 42 

anthropogenic ocean habitat for marine microbes at the ocean-basin-scale, with clear niche 43 

partitioning compared to FL and PA lifestyles. At an Ocean-basin-scale, the composition of the 44 

plastisphere communities was mainly driven by environmental selection, rather than polymer 45 

types or dispersal effect. A plastisphere ‘core microbiome’ could be identified, mainly 46 

dominated by Rhodobacteraceae and Cyanobacteria. Predicted functions indicated the 47 

dominance of carbon, nitrogen and sulfur metabolisms on PMD that open new questions on the 48 

role of the plastisphere in a large number of important ecological processes in the marine 49 

ecosystem. 50 

 51 

Highlights: 52 

• Niche partitioning on plastic marine debris (PMD) at the ocean-basin-scale 53 

• Environmental selection rather than plastic dispersion drives plastisphere bacterial diversity 54 

• A plastisphere ‘core microbiome’ dominated by Rhodobacteraceae and Cyanobacteria 55 

• Dominance of carbon, nitrogen and sulfur metabolisms on PMD 56 

 57 

Graphical abstract 58 
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1. Introduction 60 

Plastics are part of the emerging pollutants and they are now regarded as a key geological 61 

indicator of the Anthropocene because of their abundance and widespread distribution on Earth 62 

(Zalasiewicz et al. 2016). The ocean represents the final destination of mismanaged terrestrial 63 

plastic waste, with an estimated 500,000 tons of plastic entering the sea each year (Kaandorp et 64 

al. 2023). Plastic stocks at the world’s upper oceans amount from 82 to 578 of kilotons (Isobe 65 

et al. 2021), mainly dominated by <5mm in size microplastics coming from the fragmentation 66 

of larger items (ter Halle et al. 2016). Vast accumulation zones of buoyant plastic were 67 

described in the five main oceanic gyres, including the most famous ‘Great Pacific garbage 68 

patch’ in the North Pacific Ocean where up to the order of kilograms (or millions of pieces) per 69 

km2 was found in the center of the gyre (Lebreton et al. 2018). The Mediterranean Sea has been 70 

proposed as the sixth great accumulation zone for marine litter, with some of the highest 71 

concentrations of floating plastics in the world (Cozar et al. 2014). 72 

Plastics represent physical support for microbial life, the so-called ‘plastisphere’ (Zettler 73 

et al. 2013). A range of 1 to 15 kilotons of microbial biomass has been estimated harbored on 74 

the plastic marine debris (PMD), which is in the same range as the estimated microbial carbon 75 

mass in the global rivers or both polar regions (Zhao et al. 2021). The plastisphere has several 76 

independent or cumulative effects on the fate and impacts of plastic in the marine environment. 77 

The biofouling may increase the sedimentation of the plastic particles by decreasing its 78 

buoyancy (Kooi et al. 2017; Kane et al. 2020). It is disguising the plastic pieces, thus creating 79 

particles more similar to food items for grazers (Vroom et al. 2017). Biofilm growing on plastics 80 

has been recently shown to alter the biogeochemical cycles of elements by consuming and 81 

releasing nutrients (Chen et al. 2020) and favor the colonization by algae (Nava and Leoni 82 

2021) or metazoan larvae (Ghiglione and Laudet 2020), thus helping indirectly the spread of 83 

non-indigenous species over large geographic distances by plastic dispersion (Miralles et al. 84 

2018). The detection of potentially pathogenic Vibrio species (such as V. aestuarianus and V. 85 

splendidus) classically found in the plastisphere also raised the question of the diffusion of 86 

infectious diseases by plastics (Pedrotti et al. 2022). Finally, the plastic biofilms were shown to 87 

host hydrocarbonoclastic bacteria that are thought to be involved in their biodegradation 88 

processes (Jacquin et al. 2019). 89 

Bacteria living on plastics have demonstrated distinct niche partitioning in comparison to 90 

their counterparts living in organic-particle attached and free-living lifestyles (Dussud et al. 91 

2018a), as well as compared to microorganisms residing on other substrates like wood, 92 

cellulose, or glass (Kirstein et al. 2018; Oberbeckmann et al. 2018; Ogonowski et al. 2018). 93 
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The reasons for this preferential attachment on plastic particles are still enigmatic. The early 94 

stages of colonization may be influenced significantly by factors such as hydrophobicity, 95 

topography, roughness, crystallinity, and surface charge (Rummel et al. 2017). However, 96 

bacterial communities composing a mature biofilm can undergo alterations, as demonstrated by 97 

the occurrence of a diatom bloom on plastic surfaces due to environmental changes (Cheng et 98 

al. 2020). The majority of research conducted on the plastisphere was based on controlled 99 

incubation experiments using plastics with known compositions, and only a few investigated 100 

plastic debris collected at sea, and even fewer were conducted specifically in the open ocean 101 

(Amaral-Zettler et al. 2020). This lack of knowledge explains that no consensus has been 102 

reached so far to explain the preferential attachment of some bacteria on plastics. Although 103 

numerous recent studies have made efforts to characterize the plastisphere niche partitioning, it 104 

is still not clear whether a core microbiome (microbial taxa shared by all plastic substrates) can 105 

contribute to the description of the plastisphere in the marine environment. Few studies have 106 

explored the core plastisphere microbiome in naturally occurring plastic litters from distinct 107 

marine geographical areas (Aguilla-Torres et al. 2022, Basili et al. 2020), but these have been 108 

carried out on a regional scale and never in distinct geographically distant oceanic regions.  109 

Here, we explored the biogeography of the plastisphere from samples collected during 110 

two Tara expeditions the most plastic polluted oceanic regions on Earth, i.e., the North Pacific 111 

gyre and the Mediterranean Sea. We hypothesized that the preferential attachment of some 112 

bacterial species on plastics, as compared to the surrounding free-living and organic particle-113 

attached communities, may be conserved within and between the two distinct environmentally 114 

and geographically distant oceanic regions. We also hypothesized that a plastisphere core 115 

microbiome may be identified across both regions, which may help to identify and understand 116 

critical factors and functions driving the specificity of microbial communities living on plastic 117 

debris. 118 

 119 

2. Materials and Methods 120 

2.1. Sampling plastic marine debris and the surrounding sea water 121 

Samples were taken using the same protocol during two cruises aboard the research vessel 122 

Tara in the Western Mediterranean Sea (Tara Mediterranean expedition from April to 123 

November 2014) and in the North Pacific gyre (Tara Pacific expedition from June to July 2018) 124 

(Fig. 1). Plastic marine debris (PMD) floating in surface waters were gathered by utilizing a 125 

manta net with a 330 μm mesh attached to a frame and trawled behind the boat for 30 minutes 126 

to an hour at a speed of 3 knots. At each of the 39 sampling stations, a subset of the plastic items 127 
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of various sizes (ranging from a few mm2 to a few cm2), colors and textures (Fig. 1) were sorted 128 

under a dissecting microscope using sterilized forceps and immediately frozen in liquid nitrogen 129 

until further analysis. Prior to deploying each manta net, a conductivity-temperature-130 

fluorescence-depth profiler (CTD – SeaBird SBE 19, in the first 100 m below the surface) and 131 

a Niskin bottle for collecting surface seawater (in the first meter below the surface) were 132 

deployed at each station. A total of 2 L of seawater was sequentially filtered through 3 μm-pore 133 

size polycarbonate filters (referred to as the particle-attached fraction, PA) and 0.2 μm-pore 134 

size polycarbonate filters (referred to as the free-living fraction, FL) using a peristaltic pump 135 

(pressure <100 mbar). Filters were immediately frozen in liquid nitrogen until DNA extraction. 136 

 137 

Figure 1: Station locations in the Western Mediterranean Sea (left part, n=32) and in the North Pacific 138 

Ocean (right part, n=7). The corresponding light-micrograph of the 218 PMD collected at each oceanic 139 

region is presented below each map, respectively (114 particles collected in the western Mediterranean 140 

Sea and 104 in the North Pacific gyre). The mapping of the North Pacific gyre (dotted line) is indicated 141 

according to Lebreton et al. (2018). 142 

 143 

2.2. DNA extraction, PCR and sequencing 144 

A first set of 218 DNA extractions was done using the individual PMD sampled in the 145 

North Pacific gyre (n=104, between 3 and 38 plastic pieces analyzed per station) and in the NW 146 

Mediterranean Sea (n=114, between 2 and 4 plastic pieces analyzed per station). A second set 147 

of 39 DNA extracts were obtained from all 3 m- (particle-attached, PA) and 0.2 m-pore size 148 
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filters (free-living, FL) from the surrounding seawater (n=7 stations in the North pacific gyre 149 

and n=32 stations in the Western Mediterranean Sea). The DNA extraction process utilized a 150 

standard phenol-chloroform-based protocol (Anderson et al. 1983) with the addition of 151 

preliminary steps for plastics, as previously described (Dussud et al. 2018b). Briefly, cell 152 

detachment using a sonication pre-treatment (3 x 5 s with 30% amplitude, Branson SLPe) was 153 

performed for the disruption of the biofilm in order to improve the further enzymatic and 154 

chemical cell lysis of the biofilm (1 mg mL-1 lysozyme at 37°C for 45 min followed by 0.2 mg 155 

mL-1 proteinase K and 1% SDS at 50°C for 1 h). 156 

Sequencing was performed using Illumina MiSeq at the Genoscope (Paris, France) after 157 

PCR amplification of the 16S rRNA V4–V5 region using 515-FY and 926-R primers (Parada 158 

et al. 2016). Raw FASTA files were deposited at NCBI (accession numbers PRJEB58218 and 159 

PRJEB52329). The 16S rRNA gene sequences were analyzed using the FROGS pipeline host 160 

in the Galaxy platform (Escudié et al. 2018), as previously described (Odobel et al. 2021). 161 

Briefly, the merge the paired-ends raw reads were clustered using the SWARM algorithm 162 

(Mahé et al. 2014) after quality filtering and primers trimming with cutadapt (Martin, 2011). 163 

The removal of chimera was performed after detection by de novo UCHIME method with the 164 

VSEARCH algorithm (Edgar et al., 2011; Rognes et al., 2016). Operational Taxonomic Units 165 

(OTUs) were defined after clustering (0.03 distance threshold) and further assignment with the 166 

Silva128 16S rRNA database (Quast et al., 2012). Chloroplast and mitochondrial sequences as 167 

well as clusters that did not belong to Bacteria kingdom were removed.  168 

 169 

2.3. Characterization of each PMD 170 

After the cell lysis step of DNA extraction, each individual PMD was processed using the 171 

ImageJ software in order to determine the one-dimensional surface area, major length, and 172 

circularity. Additionally, the chemical analysis of each PMD was conducted using the 173 

Attenuated Total Reflection Fourier Transform Infrared spectrometer (ATR-FTIR Spectrum 174 

100, Perkin-Elmer) and the polymer composition was determined using the POSEIDON 175 

software (Kedzierski et al. 2019).  176 

 177 

2.4. Statistical analysis and diversity assessment  178 

The confidence interval (IC) for the proportion of polymer composition in the sampled 179 

plastics at each station and the IC for the carbonyl index (CI) and hydroxyl index (HI) of the 180 

PE-based PMD were calculated following the method described by Kedzierski et al. (2019).  181 

It is to be expected that the count of unique sequences (and hence OTUs) detected in a 182 
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sample will rise with the total number of sequences reads, which may fluctuate according to the 183 

sequencing efficiency for each sample (Gilbert et al. 2009). To ensure accurate data 184 

comparisons, the bacterial 16S rRNA sequences in each sample were randomly subsampled to 185 

match the number of sequences in the sample with the fewest sequences (N=9,115). We decided 186 

to remove four samples from the global dataset (with less than 9,115 sequences per sample, and 187 

thus not taken into account for further processing), and all the remaining samples stayed in the 188 

stationary phase of the rarefaction curve after resampling. All the subsequent results were 189 

calculated using this standardized dataset with 9,115 sequences per sample (Ghiglione and 190 

Murray 2012). The non-parametric Chao1 species richness estimator (SPADE software; 191 

Bandinelli et al. 1993), along with the Shannon diversity and Pielou evenness indices 192 

(PRIMER-E; Clarke and Warwick 2001), were used to estimate alpha-diversity. Differences 193 

between FL, PA and PMD bacterial richness, evenness and diversity indices were tested using 194 

non-parametric Kruskal-Wallis test (package ‘stats’ version 3.3.1, RStudio software version 195 

1.0.143). For beta-diversity analysis, a non-metric multidimensional scaling (NMDS) on two 196 

dimensions was generated based on Bray-Curtis dissimilarity. Statistical analysis of similarities 197 

between groups (ANOSIM, PRIMER-E) was used for a combination of natural and Plastic 198 

related "niche" lifestyles (FL/PA or PMD) with ocean provenance (Mediterranean Sea vs. 199 

Pacific Ocean). ANOSIM is a nonparametric technique designed to allow statistical 200 

comparisons for multivariate data sets in a manner similar to univariate techniques (ANOVA) 201 

(Clarke and Warwick, 2001). Both NMDS and ANOSIM were performed using the vegan R 202 

package (Oksanen et al. 2015). 203 

We utilized the direct gradient approach canonical correspondence analysis (CCA, 204 

CANOCO 4.5) to examine the relationships between bacterial community structure and various 205 

environmental parameters (pressure, temperature, conductivity, salinity, oxygen and 206 

photosynthetically available radiation from CTD - SeaBird SBE 911 data), geographical 207 

distance between samples and PMD characteristics (polymer composition and oxidation level 208 

from FTIR data, as well as surface and major length of the individual PMD from ImageJ 209 

software), as previously described (Ghiglione et al. 2008). The significance of the 210 

environmental variables was determined through Spearman rank pairwise correlations.  211 

 212 

2.5. Core microbiomes identification, co-occurrence networks inference and predicted 213 

metagenomes  214 

Venn diagrams were obtained by identifying the set of OTUs present in each of the 215 

Mediterranean and the Pacific fractions using R software (R 5.6.3) and a representation of the 216 
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histogram was made using Excel software. The core microbiome was identified by the common 217 

OTUs in the two fractions characterized by the overlapping circles. 218 

A co-occurrence network for PMD samples was inferred using the FlashWeave package 219 

(Tackmann et al. 2019). To check effects due to the imbalance between Mediterranean and 220 

Pacific samples, we randomly selected 75 out of 104 Pacific samples and built co-occurrence 221 

networks using the same parameters. Furthermore, the network was decomposed into modules 222 

using the leading eigenvectors algorithm (Clauset et al. 2004). Briefly, this algorithm finds 223 

communities that maximize modularity, a network property that accounts for the number of 224 

edges falling within groups minus the expected number in an equivalent network with edges 225 

placed at random (Newman 2006). As a result, modules detected by the leading eigenvector 226 

algorithm maximize the number of edges within modules and minimize the connections 227 

between modules. 228 

Metagenome prediction was performed using the PICRUSt2 software (Douglas et al. 229 

2020). To detect enriched pathways, we compared the relative abundance of each pathway in 230 

each sample. Next, after CLR transformation, we used a Kruskal-Wallis test to detect 231 

differences in means (FDR adjustment, q-value < 1e-3), followed by a Dunn post-hoc test to 232 

attribute which pathway is enriched in which sample group (ocean-niche). 233 

 234 

3. Results 235 

3.1. Chemical characterization showed dominance of PE-based plastics in both oceanic 236 

regions 237 

ATR-FTIR analyses showed that polyethylene (PE) dominated the composition of the 238 

sorted PMD in both the Western Mediterranean Sea and in the North Pacific Gyre, with 239 

66.1±10.3% and 71.1±8.7%, respectively. In the Mediterranean Sea, PE was followed by 240 

propylene (PP; 21.2±6.2%) and polystyrene (PS; 4.2±3.1%), with other polymers representing 241 

3.6±2.8% and undetermined were 4.9±3.3%. Similar proportions were found in the North 242 

Pacific Gyre with PP (16.0±7.0%) followed by PS (5.3±4.3%) and other polymers (5.3±5.1%), 243 

with undetermined at 2.3±2.9%. The PP/PE ratio is higher in the Mediterranean Sea (0.32) than 244 

in the North Pacific Gyre (0.23). Based on PE spectra, no significant differences were found 245 

between the carbonyl index (CI) in the Mediterranean Sea and Pacific gyre (CI = 0.78±0.16 and 246 

0.78±0.11, respectively), whereas significant differences were found for the hydroxyl index HI 247 

(Mediterranean Sea: 5.7±1.1; Pacific gyre: 2.5±0.5) and the fouling index FI (Mediterranean 248 

Sea: 1.0±0.24; Pacific gyre: 0.29±0.04). 249 

 250 
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3.2. Comparison of α-diversity indexes between the FL, PA and PMD lifestyles in the 251 

Mediterranean and Pacific regions 252 

The Chao1 index indicated that the bacterial richness was significantly higher in the North 253 

Pacific gyre compared to the Mediterranean Sea for all FL, PA and PMD lifestyles (Man-254 

Withney p<2.2.10-16) (Fig. 2). Significant differences were found between the three groups 255 

within each oceanic region (Mann Withney p<0.05), but with different trends depending on the 256 

geographic region. The PMD (170.1 and 262.3) presented always intermediate Chao1 estimated 257 

richness values compared to FL (174.4 and 251.0) and PA (153.8 and 323.0). 258 

 259 

Figure 2: Comparison of α-diversity indices: (a) Chao1 richness, (b) Pielou evenness and (c) Shannon 260 

diversity indexes between the FL, PA and PMD lifestyles according to the sampling location (Western 261 

Mediterranean Sea and North Pacific gyre). The median values are marked with a vertical line, and 262 

whiskers represent the minimum and maximum values. Outliers are indicated as filled circles. 263 

 264 

The Pielou evenness index was similar for the PMD in the Mediterranean and the Pacific 265 

regions (Man-Whitney, p=0.4), whereas significant differences were found for PA and FL 266 

lifestyles between the two oceanic regions (p=4.1 10-4 and p=2.5 10-2, respectively). No 267 

significant differences were observed between PMD, PA and FL in the Mediterranean Sea 268 

(Kruskal and Wallis, p=0.24; mean values of 0.67, 0.62 and 0.68, respectively), whereas 269 

significant differences were found in the Pacific (Kruskal and Wallis, p=7.2 10-5; mean values 270 

of 0.64, 0.76 and 0.73 on PMD, PA and FL, respectively). 271 

The Shannon index confirmed a significantly higher microbial diversity in the North 272 

Pacific gyre compared to the Western Mediterranean samples (Kruskal and Wallis, p=7.6 10-5) 273 

for the FL (Shannon index average values of 4.03 and 3.42, respectively) and PA (4.33 and 274 
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3.14, respectively), but not for the PMD (Shannon index average values of 3.52 and 3.41, 275 

respectively; Mann-Withney p=0.13). 276 

 277 

3.3. Bacterial community structure (β-diversity) with high dissimilarities between PMD 278 

compared to FL and PA lifestyles 279 

Clustering according to the three sample lifestyles clearly emerged with higher 280 

differences between PMD compared to FL and PA lifestyles (Fig. 3). Each group could be 281 

divided into two subgroups according to their geographical origin, i.e., Mediterranean Sea or 282 

North Pacific gyre (NMDS2 axis). Remarkably, PMD communities were not structured by 283 

plastic type (Fig. 3). In order to confirm the visual cluster separation from Figure 3, we run a 284 

nonparametric ANOSIM test. The analysis showed a significant separation between groups 285 

(ANOSIM R=0.67, p=0.001) when using lifestyle/ocean grouping (i.e., FL/PA.Mediterranean, 286 

PMD.Mediterranean, FL/PA.Pacific, PMD.Pacific). Furthermore, a detailed ANOSIM pairwise 287 

comparison between groups (Suppl. Table 1) indicated less difference in FL/PA vs. PMD in 288 

the Mediterranean Sea vs. the Pacific Ocean samples. 289 

 290 

Figure 3. Non-metric multidimensional scaling (NMDS) plot based on Bray-Curtis similarities of 291 

bacterial communities (stress = 0.10) of PMD (hollow shapes in non-muted colors, together with 292 

information of the polymer type, i.e. PE, PP, PS and others), FL and PA (solid squares or triangles with 293 
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muted colors, respectively). Ocean provenance is depicted in violet or orange for the Western 294 

Mediterranean Sea and the North Pacific Ocean, respectively. 295 

 296 

3.4. Taxonomic affiliation and similarity analysis of FL, PA and PMD lifestyles between 297 

the Mediterranean and Pacific regions 298 

The FL lifestyle was dominated by Alphaproteobacteria that represented 45% in the 299 

Mediterranean Sea and 53.24% in the North Pacific gyre, with SAR11 as the dominant group 300 

(14.63% and 25.5% of the total relative abundance in the two oceanic regions, respectively) 301 

together with Rhodobacteraceae (6.0% in Pacific and 6.84% in Mediterranean) (Fig. 4). 302 

Cyanobacteria represented a higher proportion of the community in the FL Mediterranean Sea 303 

(21.6%) than in the North Pacific gyre (8.0%), with Prochlorococcus sp. as the dominant group 304 

(1.43% and 6.86% of the total relative abundance in the two oceanic regions, respectively). 305 

Bacteroidia were also very abundant in the FL (16.9% in the Pacific and 26.5% in the 306 

Mediterranean) with the dominance of Flavobacteriaceae (11.6% in the Pacific and 9.36% in 307 

the Mediterranean). Inversely, Bacteroidia (mainly Flavobateriaceae) and 308 

Gammaproteobacteria were more abundant in the North Pacific gyre (16.0% and 13.2%, 309 

respectively) than in the Mediterranean Sea (12.8% and 12.2%, respectively). Similarity 310 

percentage analysis (SIMPER) showed that Cyanobiaceae explained 14.44% of the difference 311 

between the two oceanic regions (higher abundance in the Mediterranean Sea), whereas 312 

Prochlorococcus sp. and Rhosospirillales explained 5.2 and 4.4%, respectively (higher 313 

abundance in the Pacific). 314 

The PA lifestyle was also dominated by the same four taxonomic groups 315 

(Alphaproteobacteria, Gammaproteobacteria, Cyanobacteria and Bacteroidia), but with 316 

different proportions between locations and compared to FL (Fig. 4). The proportion of 317 

Bacteroidia increased in the PA compared to FL, and became even dominant in the North 318 

Pacific gyre with 31.7% of the total affiliated reads (mainly Formosa sp. and Fluviicola sp.), 319 

while it represented only 20% in the Mediterranean Sea (mainly Lewinella sp.). The proportion 320 

of Alphaproteobacteria was lower in the North Pacific gyre (19.2%, mainly composed of 321 

Rhodobacteraceae family) as compared to the Western Mediterranean Sea (27.6%, mainly 322 

composed of Sphingomonadaceae family), whereas it was similar in both oceanic regions for 323 

Gammaproteobacteria (25% and 27%, respectively, mainly Alteromonas sp.). Cyanobacteria 324 

represented 9.18% in the North Pacific gyre (mainly Phormidesmiaceae) and 14.62% in the 325 

Western Mediterranean Sea (mainly Cyanobiaceae). The SIMPER analysis showed that 326 

Sphingomonadaceae, Alteromonadaceae and Lewinella sp. explained 5.5%, 5.24% and 4.36% 327 
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of the dissimilarity in PA between the two oceanic regions of both regions, respectively (higher 328 

abundance in the Mediterranean Sea). The North Pacific PA lifestyle is distinguished from the 329 

Mediterranean PA lifestyle by a high abundance of the genus Formosa sp. (1.4%), Alteromonas 330 

sp. (1.1%) and Fluviicola sp. (1.29%) (not shown on the bubble plot, percentage dissimilarity 331 

< 5%). 332 

 333 

Figure 4. Bacterial OTUs associated with the FL, PA and PMA lifestyles in the Mediterranean Sea and 334 

in the North Pacific gyre. Left panel: relative abundance of the major groups at the Phylum-Class level. 335 

Right panel: Main Family-Genus levels explaining differences (assed by SIMPER). Others: 1.88% of 336 

total reads, Unclassified: 1.11% of total reads. 337 

 338 

The PMD lifestyle contained a drastically lower proportion of Gammaproteobacteria 339 

compared to PA and FL, which represented only 5.94% and 6.43% of the average abundance 340 

across PMD samples in the Mediterranean Sea and in the North Pacific gyre, respectively (Fig. 341 

4). Cyanobacteria were much more abundant on PMD in the Mediterranean Sea (39.2%) as 342 

compared to the North Pacific gyre (15.0%), where others were present in both regions, such 343 

as Phormidesmis sp. (16.4% and 6.1%, respectively), Rivularia sp. (9.3% and 9.0%, 344 

respectively) and Pleurocaspa sp. (6.2% and 0.08%, respectively). Inversely, 345 

Alphaproteobacteria were much less abundant in the Mediterranean Sea (35.8%) compared to 346 
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the North Pacific gyre (54.5%), where several members of the Rhodobacteraceae were 347 

abundant in both oceanic regions (19.8 and 30.5%, respectively), including Pseudahrensia sp. 348 

(2.9% and 7.3%, respectively), Tateyamaria sp. (2.4% and 4.1%, respectively) and 349 

Erythrobacter sp. (3.3% and 1.4%, respectively). Finally, Bacteroidetes were found in similar 350 

proportion in the Mediterranean Sea (13.9%) as compared to the North Pacific gyre (15.0%), 351 

dominated by Flavobacteriaceae (9.8% and 8.7%, respectively), Saprospiraceae (2.84% and 352 

7.5%, respectively) and Rhodothermaceae (0.4% and 1.84%, respectively), including 353 

Muricauda sp. (1.2% and 1.7%, respectively) and Lewinella sp. (1.9% and 5.4%, respectively). 354 

SIMPER analysis confirmed that the OTUs explaining 35 % of the difference between the PMD 355 

communities living in both oceanic regions were Phormidesmis sp., Pleurocapsa sp., 356 

Erythrobacter sp., Acrophormium sp., Dokdonia sp. and Sagittula sp. that were more abundant 357 

in the Mediterranean Sea (explaining 20.3% of the variability) and Pseudahrensia sp., 358 

Lewinella sp., Psychrobacter sp., Tenacibaculum sp., Roseovarius sp. and Cobetia sp. in the 359 

North Pacific gyre (explaining 14.7% of the variability). The SIMPER analysis also revealed 360 

that Cyanobiaceae, Phormidesmis sp., SAR11 and Rivularia sp. explained together 31.5% of 361 

the dissimilarity between PMD and FL in the Mediterranean Sea, and SAR11, Rivularia sp. and 362 

Pseudahrensia sp. explained 20.5% in the North Pacific gyre. Distinction between PMD and 363 

PA were explained at 30.0% by Phormidesmis sp., Rivularia sp. Alteromonadaceae, 364 

Sphigomonoadaceae and Lewinella sp. in the Mediterranean Sea, whereas Rivularia sp, 365 

Phormidesmis sp. and Pseudahrensia sp. explained 13.1% of the dissimilarity in the North 366 

Pacific gyre. 367 

 368 

3.5. Temperature and geographical distance are the main factors driving FL, PA and 369 

PMD bacterial community structure in both oceanic regions 370 

Canonical correspondence analysis (CCA) revealed that a combination of multiple 371 

regression on matrix analysis using environmental factors and geographical distance accounted 372 

for 26.7% (FL lifestyle), 17.6% (PA lifestyle), and 16.8% (PMD lifestyle) of the overall 373 

variation in the Bray-Curtis dissimilarity matrix (Table 1). The effect of environmental 374 

variables on bacterial community structure was statistically significant (p<0.05) for the FL 375 

(14.3% of the variance), PA (7.6% of the variance) and PMD lifestyles (6.5% of the variance). 376 

Temperature was the main environmental driver in all the lifestyles (9.9%, 4.8% and 4.4% of 377 

the variance in FL, PA and PMD, respectively). Geographical distance between samples was 378 

also significant and explained a high proportion of the variance for all lifestyles (12.4%, 10.0% 379 

and 10.3% of the variance in FL, PA and PMD, respectively; p<0,05). 380 
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 381 

Table 1. Percentage of variance explained by CCA analysis of the bacterial community structure data 382 

when constrained by physico-chemical variables (temperature, salinity, oxygen and PAR), geographical 383 

distance and/or PMD characteristics (polymer composition, oxidation level, surface and major length). 384 

All values were significant (p<0.05) when using a Monte Carlo permutation full model test (199 385 

permutations). ND: non-determined. 386 

 387 

3.6. Identifying core microbiomes on FL, PA and PMD across oceanic regions 388 

With the objective to identify and describe core microbiomes in FL, PA and PMD 389 

lifestyles, we first analyzed OTUs shared among bacterial consortia living in both the oceanic 390 

regions, represented by UpSet plots (Fig. 5). A core microbiome was identified for the FL 391 

samples, representing 303 OTUs (45% of all OTUs) composed of Alphaproteobacteria (51%), 392 

mainly represented by the order SAR11 (27.45%), SAR116 (6.5%), Rhodobacteraceae (6.26%) 393 

and Sphingomonadaceae (2.5%). Gammaproteobacteria represented nearly 17.7% of the FL 394 

core microbiome, mainly represented by the order SAR86 (4.22%) and the Alteromonadaceae 395 

family (2.86%), of which the genus Alteromonas sp. is very dominant (1.5%). The 396 

Cyanobacteria represented 14.5%, with Cyanobiaceae and the genus Prochlorococcus sp. 397 

(4.5%). Bacteroidia were found at 13.1% of the entire core microbiome, mainly represented by 398 

the Flavobacteriaceae (10%) including the Formosa sp. (0.85%) and Fluviicola sp. (0.34%).  399 

The core microbiome of 412 OTUs in PA samples (49% of all OTUs) was dominated by 400 

Gammaproteobacteria (30.5%), mainly Alteromonadaceae (18.02%) including Alteromonas 401 

sp. (4.5%) and Aesturiibacter sp. (2.26%). Alphaproteobacteria represented 24.5% of the PA 402 

core microbiome, represented by the Rhodobacteraceae (8.7%, including Parococcus sp. and 403 

Ruegeria sp.), Sphingomonadaceae (7.7%, mainly Sphingobium sp.), and Rhizobiaceae (1.4%, 404 

mainly Fulvimarina sp.). Bacteroidia represent 28.05% of the PA core microbiome, mainly 405 

composed of Saprospiraceae (4.9%, mainly Lewinella sp.), Flavobacteriaceae (12.7%, 406 

including Formosa sp. and Fluvicola sp.). Finally, Cyanobacteria represents only 8.8% of the 407 

PA core microbiome, mainly represented by the Cyanobiaceae (4.8%, mainly Prochlorococcus 408 

sp. and Phormidesmiaceae).  409 
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 In the PMD lifestyle, 665 OTUs was shared between both oceanic regions, a higher 410 

percentage (69%) compared to FL and PA lifestyles. This core microbiome within the PMD 411 

samples was dominated by Alphaproteobacteria (45.35%), followed by Cyanobacteria 412 

(28.8%), Bacteroidia (14.9%) and Gammaproteobacteria (6.25%). Alphaproteobacteria was 413 

mainly represented by Rhodobacteraceae (27%, mainly Tateyamaria sp., Yoonia-Loktanella 414 

sp.  and Sagitula sp.), Rhizobiaceae (9.34%, mainly Pseudahrensia sp.) and 415 

Sphingomonadaceae (4.44%, mainly Erythrobacter sp. and Sphingobium sp.). Cyanobacteria 416 

were dominated by Phormidesmiaceae (13.13%, mainly Phormidesmisis sp.), Rivulariaceae 417 

(10.55%, mainly Calothrix parasitica and Calothrix sp.) and Xenococcaceae (3.06%, mainly 418 

Pleurocapsa sp.). Bacteroidia were dominated by Flavobacteriaceae (8.7%, mainly Muricauda 419 

sp., Dohdonia sp. and Winogradskyella sp.) and Saprospiraceae (5%, mainly Lewinella sp.). 420 

Gammaproteobacteria were dominated by the Moraxellaceae (2.28%, mainly Acinetobacter 421 

sp. and Psychrobacter sp.) and Halomonadaceae (0.92%, mainly Cobetia sp. and Halomonas 422 

sp.).  Other families were also present such as the Nostocaceae (belonging to Cyanobacteria 423 

30.2%), as well as the Rhizobiaceae (13%), Sphingomonadaceae (8.3% of the core 424 

microbiome) and Hyphomonadaceae (3.5%). The most represented genus in the PMD core 425 

microbiome was Rivularia sp. (belonging to the Nostocaceae family), followed by 426 

Pseudahrensia sp. (13%; belonging to the Pseudahrensia sp. family. In the Rhodobacteraceae 427 

family, the genus Tateyamaria sp. and Roseovarius sp. represented 14% of the PMD core 428 

microbiome. The Sphingomonadaceae family was represented by the Erythrobacter sp., which 429 

represents 5.4% of the PMD core microbiome. Interestingly, we could not identify any 430 

persistent OTUs that was consistently detected in 100% of the PMD samples. When arbitrarily 431 

decreasing the cut-off to 90%, we found only 17 OTUs belonging mainly to the 432 

Rhodobacteraceae family, representing 45% of the abundance of the core microbiome families. 433 
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 434 

Figure 5: UpSet Plots from PA (A), FL (B) and PMD lifestyles found in the Mediterranean Sea and 435 

North Pacific gyre. Black dots represents the set of OTUs in either North Pacific gyre (upper black dot), 436 

the Mediterranean Sea (low black dot), their intersection (connected black dots) or not in the 437 

corresponding lifestyle (disconnected grey points). Grey bars show the number of OTUs per set and 438 

colored bars their composition in Phylum – Class categories. 439 

 440 

3.7. A global PMD co-occurrence network for the Mediterranean and Pacific regions 441 

A co-occurrence network was inferred using all PMD samples across both oceanic 442 

regions with the goal to identify and delineate potentially shared community network structures. 443 

Although there was a small imbalance in sampling between the Mediterranean Sea (n=114) and 444 

the Pacific Ocean (n=104), the inferring a global PMD network using all PMD samples allowed 445 
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us to gather more information without affecting ecological interpretations (see supplementary 446 

text). Thus, this global network derived using the entire PMD dataset including both ocean 447 

regions was used in the following analyses. We decomposed the PMD co-occurrence network 448 

into modules using the leading eigenvector algorithm. We identified seven modules (Fig. 6A), 449 

each representing a distinct community of highly connected OTUs. We considered modules 1 450 

to 6 for further analysis, as the module 7 was composed of only 3 OTUs and was thus not 451 

relevant in terms of relative abundance.  452 

Specific modules presented distinct abundance patterns within Mediterranean and Pacific 453 

regions (Fig. 6B). Modules 1 and 3 were detected significantly more abundant in the Pacific 454 

Ocean, while modules 2 and 6 were more abundant in the Mediterranean Sea. In contrast, 455 

modules 4 and 5 did not appear to be driven by geographical provenance. The geographic 456 

specificity of these modules highlighted the presence of conserved plastisphere communities in 457 

both ocean regions. The module 1 was clearly more related to co-occurring OTUs in PMD 458 

samples from the Pacific, while module 2 was more related to co-occurring OTUs in PMD 459 

samples from the Mediterranean Sea. The module 3 appeared present in both Pacific and 460 

Mediterranean regions, but was significantly enriched in abundance in Pacific samples.  461 

The taxonomic distribution of delineated modules (Fig. 6C) highlighted a higher 462 

prevalence of Bacteroidota in module 1 (enriched in Pacific samples), while Cyanobacteria 463 

were more prevalent in module 2 (enriched in Mediterranean samples). Module 2 (enriched in 464 

Mediterranean) and 3 (enriched in Pacific) showed a similar composition and network structure 465 

as shown by a detailed analysis of associations between modules (Suppl. Fig. 2), indicating a 466 

relatively high number of shared co-occurrences between OTUs of both modules. Module 467 

composition showed that biogeographic distinct communities associated with PMD articulate 468 

around the primary producers Cyanobacteria (Module 2 for the Mediterranean Sea and 3 for 469 

the Pacific Ocean). Less abundant and less distinct modules showed more diverse taxonomic 470 

composition and stronger in-group correlation (Fig. 6C). Noteworthy, modules 4-6 showed a 471 

contrasting taxonomic structuring, characterized by a low diversity in Cyanobacteria OTUs and 472 

an increased richness in Bacteroidota and Gammaproteobacteria.  473 

 474 
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 475 

Figure 6. Co-occurrence network in PMD originated from Mediterranean and Pacific regions with (A) 476 

module decomposition, (B) distribution of modules per oceanic region and (C) chord diagrams.  477 

 478 

3.8. Metagenome prediction to evaluate the functional redundancy in FL, PA and PMD  479 

Analysis of the predicted metabolic capacities encoded by the bacterial communities 480 

associated with FL, PA and PMD lifestyles revealed a number of systematic differences (Fig. 481 

7). Here, we first identified predicted functions that were prevalent in a combination of ocean-482 

niche samples (Fig. 7A) to guide the interpretation. For instance, L2 categories “Protein 483 
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Families: signalin and cellular process” and “Biosynthesis of other secondary metabolites” were 484 

enriched in both PA and PMD, but not in FL (therefore grouped in the PA+PMD subpanel). 485 

“Membrane transport” and “Cellular Community - prokaryotes” functions were abundant in 486 

both Mediterranean-PMD and Pacific-PMD samples, marked as enriched in PMD context.  487 

Next, we analyzed the relative contribution of each module to the total predicted 488 

metagenome by ocean-niche, pointing out enriched functions that were driven by the relative 489 

abundance of previously detected community modules in each ocean (Fig. 7B). Despite the 490 

different taxonomic composition of modules, predicted L2 functions were equally enriched in 491 

most cases, thus showing functional redundancy between niche-specific distinct communities.  492 

  To dig further in specific categories in FL, PA and PMD systems, we calculated the 493 

relative abundance of L3 paths within the selected L2 pathways of Figure 7 (Suppl. Fig. 3).  494 

 495 

Figure 7. Metagenome prediction. (A) CLR transformed abundances for enriched functions per ocean-496 

niche. Subpanels show combinations of ocean-niche samples where functions show a significantly 497 

higher CLR mean.  Subpanel codes: PA= Particle Attached, PA_Pacific = Particle Attached in the 498 

Pacific, PA+PMD = Particle Attached and PMD, PMD = PMD, and Ubiq = Ubiquitous. (B) Relative 499 

abundance of function by module per niche and ocean-niche.   500 
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4. Discussion  501 

4.1. Niche partitioning between FL, PA and PMD lifestyles 502 

The results presented here demonstrated a clear niche partitioning in seasurface 503 

prokaryotes at the ocean-basin-scale as reflected in significant differences in the composition 504 

of FL, PA and PMD bacterial communities. FL and PA marine microbial communities have 505 

repeatedly been shown to differ in their diversity (α-diversity) and composition (β-diversity) in 506 

different locations worldwide (Crump et al. 1999; Ghiglione et al. 2005, 2007; Grossart 2010; 507 

Ortega-Retuerta 2013). More recently, another type of marine bacterial communities living on 508 

PMD was shown to differ from FL (Zettler et al. 2013; Debroas et al. 2017) and also from PA 509 

(Dussud et al. 2018a; Oberbeckmann et al. 2018). In this study, we observed that the spatially 510 

isolated Western Mediterranean and North Pacific Gyre hosted FL, PA and PMD communities 511 

that consistently differed in β-diversity. This result is in accordance with previous studies 512 

showing that differences between FL and PA lifestyles exceeded the global-scale geographical 513 

variation (Acinas et al. 1997; Salazar et al. 2015). Here, we show that it is not only the case for 514 

FL and PA lifestyles, but also for the PMD, which indicates that the strong niche partitioning 515 

already observed in different locations (Oberbeckmann et al. 2018; Xu et al. 2019) is confirmed 516 

at the ocean-basin-scale. 517 

 518 

4.2. Ocean-basin-scale comparison revealed a clear influence of environmental 519 

parameters on FL, PA and PMD lifestyles 520 

Our ocean-basin-scale comparison showed that the bacterial community structure (β-521 

diversity) within the FL, PA and PMD lifestyles were clearly influenced by their geographical 522 

origin, i.e. Mediterranean vs. Pacific regions. This was also visible for α-diversity, with higher 523 

Shannon diversity index on FL, PA, and PMD lifestyles in the North Pacific gyre compared to 524 

the Western Mediterranean Sea. In particular, we observed a higher selection of given species 525 

on PMD in the Pacific (higher richness and lower evenness) compared to the Mediterranean 526 

Sea. Our results are in accordance with previous data revealing clear links between 527 

environmental variables and global bacterial biogeography of both FL, PA and PMD lifestyles 528 

(Ghiglione and Murray 2012; Salazar et al. 2015; Amaral-Zettler et al. 2015). 529 

Such biogeographical patterns can result from two ecological processes: (a) the 530 

‘environmental selection’, build on the principle that the existence of environmental difference 531 

between basins exert different pressures on each group (FL, PA or PMD) or (b) the ‘dispersal 532 

effect’, where the reduced dispersal capabilities of microbes between basins are considered by 533 
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each lifestyle (Hanson et al. 2012). We estimated the relative contribution of both processes by 534 

relating community composition to a set of environmental variables, and to the geographical 535 

distance between sampling locations, using multiple regression. First, we found that 536 

temperature was the main environmental driver of bacterial communities in all lifestyles, which 537 

was in accordance with another study based on Tara expeditions on global planktonic ocean 538 

microbiome in the epipelagic zone (Sunagawa et al. 2015). On another hand, we observed that 539 

the effect of geographical distance was also significant between both ocean basins for the three 540 

lifestyles (p<0.05), but not within the same basin. One of the potentially effects of marine debris 541 

is that it offers opportunities for the dispersal, or ‘hitchhiking’ of species around the world 542 

(Debroas et al. 2017). This may be true on a regional scale, but not at the global Ocean-basin-543 

scale, as shown in our study. We observed a clear distance-decay in all bacterial lifestyles 544 

(PMD, FL and PA) that remained relatively close in the same basin (Mediterranean Sea or the 545 

North Pacific gyre), but significantly differed at the global Ocean-basin-scale.  As a 546 

consequence, our results indicate that environmental selection rather than dispersal effects 547 

appear to shape the biogeography of the FL, PA and PMD lifestyles at the Ocean-basin-scale, 548 

although spurious distance effects may arise as a result of unmeasured environmental variables 549 

(Hanson et al. 2012).  550 

 551 

4.3. Relation between the polymer type and its corresponding plastisphere 552 

In the specific case of PMD, we also evaluated the influence of the polymer composition, 553 

morphology, size and age in shaping this specific community. As in many other places in the 554 

world surface oceans (Erni-Cassola et al. 2019), PE was the most abundant polymer in both 555 

oceanic regions (> 70%), followed by PP, PS together or not with PET in the North Pacific gyre 556 

or in the western Mediterranean Sea, respectively. After comparing a total of 179 plastic pieces 557 

of different polymer composition, we could not find any significant relation between the 558 

bacterial community structure and the polymer type, morphology, size or age. Our study gives 559 

another proof that the environmental conditions rather than the polymer characteristics are 560 

driving the plastisphere composition at both global (Amaral-Zettler et al. 2015) and regional 561 

scales (Dussud et al. 2018a; Basili et al. 2020). This result may appear in contradiction with 562 

other studies showing distinct biofilm community structure according to different polymer 563 

types (Oberbeckmann et al. 2018; Dussud et al. 2018b; Pinto et al. 2019). Such discrepancy 564 

may be explained by the fact that these latter studies were focused on the formation of the 565 

biofilm when pristine new plastic were immersed for several weeks or months in seawater, 566 

which is different from sampling microplastics directly in the environment that likely stayed 567 
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longer in seawater. PMD are long-lived substrates that can transport microbial communities 568 

across ocean basins. Our results, together with other global comparisons between the North 569 

Pacific and North Atlantic gyres (Amaral-Zettler et al. 2015), are indicating that the 570 

environmental selection is even more important in shaping the specific community growing on 571 

PMD.  572 

 573 

4.4. Conservative patterns in the FL, PA and PMD in both oceanic regions 574 

Previous studies highlighted the importance of identifying core microbiomes to unravel 575 

the ecology of microbial consortia. It has been proposed that these commonly occurring 576 

organisms that appear in all assemblages associated with a particular habitat are likely critical 577 

to the function of that type of community (Hamad and Knight 2009). Our dataset using ocean-578 

basin-scale comparison was particularly well suited to describe core microbiomes since distinct 579 

habitats could be distinguished in both geographical regions according to biological niche 580 

spaces, i.e., seawater, organic particles and plastics (FL, PA and PMD lifestyles, respectively). 581 

First, we found a classical trend of the FL and PA core microbiomes in the Mediterranean 582 

and Pacific regions. The FL lifestyle was dominated by the genus SAR11 in both oceanic 583 

regions, already identified as a highly prevalent group in the world oceans (Dussud et al. 2018b; 584 

Basili et al. 2020). Shared presence of Cyanobacteria in the two oceanic regions were also 585 

identified in the FL core microbiome, being 2.7 times more important in the Mediterranean than 586 

in the Pacific. Cyanobacteria are generally influenced by water temperature, excess of nitrogen 587 

and by the N:P ratio (Dolman et al. 2012). Differences between the two regions resulted in the 588 

dominance of Synechococcus sp. in the Mediterranean and Prochlorococcus sp. in the Pacific, 589 

two of the most widespread phototrophic bacterial genera in the oceans (Suzuki et al. 2017; 590 

Sunagawa et al. 2020). As depicted elsewhere, the core microbiome in PA samples was 591 

characterized by the dominance of Gammaproteobacteria and Alteromondaceae. It is well 592 

known that Alteromonas bacteria have generally higher nutrient requirements than the free-593 

living SAR11, and attach to particles to avoid the nutrient-depleted conditions in the surrounding 594 

waters (Crespo et al. 2013). 595 

Second, we demonstrated that conservative patterns found in PMD communities 596 

originated from the two distinct environmentally and geographically distant oceanic regions. 597 

We identified a higher number of OTUs shared between both oceanic regions in the PMD (69% 598 

of the total OTUs) compared to FL (45%) and PA (49%). Similar results were found in other 599 

studies exploring the biogeography of FL marine bacteria worldwide (Salazar et al. 2016, 600 

Villarino et al. 2022). Our results confirm again the specificity of the distinct and uniquely PMD 601 
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habitat at global scale, and suggests that the relative homogeneity of PMD characteristics 602 

(composition, morphology, size and age) across the two oceanic regions is a conducive 603 

environment for consistent components across the complex plastisphere assemblages. The 604 

PMD core microbiome was dominated by Alphaproteobacteria (45% of the shared PMD OTUs 605 

across the two oceanic regions), Cyanobacteria (29%) and Bacteroidia (15%). 606 

Rhodobacteraceae were particularly well represented (25% of the PMD community on average 607 

in the two regions) with Tateyamaria sp. already isolated in the plastisphere of several regions 608 

of the world, such as the North Atlantic, the North Pacific, the North Sea, in estuaries or in the 609 

Baltic Sea (Rogers et al. 2020). The Rhodobacteraceae has been described as a key taxonomic 610 

group in marine biofilm formation, as they were classically found as primary colonizers and the 611 

extracellular polymeric substances (EPS) they produce promotes the further attachment of other 612 

microorganisms (Dang et al. 2013, Elifantz et al. 2013). It has previously been suggested that 613 

these specific bacteria colonizing a virgin plastic surface might have a distinct advantage over 614 

other microbial lineages over a given period of time (Zettler et al. 2020). Despite to other 615 

taxonomic groups of primo-colonizers that generally do not remain during the different phases 616 

of the mature biofilm formation (Odobel et al. 2021), Rhodobacteraceae have been repeatedly 617 

found in the marine plastisphere (Zettler et al. 2020), thus suggesting that this taxonomic group 618 

may remain for longer period of time than other primo-colonizers. It is probably due to the 619 

genome plasticity of this taxonomic group that might explain its adaptability and very versatile 620 

physiology to dwell in a wide variety of plastic biofilms (Simon et al. 2017). Marine 621 

Rhodobacteraceae are one of the major subdivisions of Alphaproteobacteria and they are 622 

highly abundant in the pelagic zone and in algae-associated biofilms, thus playing a crucial role 623 

in the cycling of biogeochemical elements (Elifantz et al. 2013). Members of the family 624 

Rhodobacteraceae are also known to break down hydrocarbons in environmental settings, such 625 

as post Deepwater Horizon (Jin et al. 2012). This is not the first study to identify 626 

hydrocarbonoclastic bacteria in the plastisphere, a finding which suggests that such group may 627 

be involved in the biodegradation of petroleum-based plastics (Zettler et al. 2013). Further 628 

studies are needed to evaluate if plastic biodegradation capabilities may be part of the selection 629 

processes and community dynamics that influence the fate of plastic-specific bacteria in marine 630 

ecosystems. 631 

The PMD core microbiome was also dominated by Cyanobacteria (13% of the shared 632 

PMD OTUs across the two oceanic regions). Phormidium and Rivularia (mainly Calothrix sp.) 633 

dominated this photoautotrophic group, as previously found in other plastisphere communities 634 

(Zettler et al. 2013; Bryant et al. 2016; Dussud et al. 2018a). Such finding is of great interest 635 
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according to the recent demonstration of high autrotrophic activity on plastics, which can 636 

support the bacterial carbon demand needed for heterotrophic activities (net autotrophy) 637 

(Bryant et al. 2016). These results confirm the potential role played by the plastisphere in the 638 

biogeochemical cycles in the context of an increasing number of plastic particles in the marine 639 

environment (Conan et al. 2022). Interestingly, we also found almost 17% of potentially 640 

hydrocarbonoclastic bacteria in the PMD core microbiome, including well-known linear or 641 

branched hydrocarbon degraders such as Alcalinovorax sp. and Marinobacter sp. (Gutierrez 642 

2019). However, similar percentages were also found in FL and PA core microbiome, 643 

underlining their ubiquitous presence in our samples. This was also the case for putative 644 

pathogens, even if OTUs belong to Vibrio sp. (including V. parahaemolyticus, V. anguillarum, 645 

V. harveyi, V. pectinicida, V. xiamenensis) were 3 to 32 times higher on PMD compared to FL 646 

and PA in both regions. Mechanism for the persistence and spread of potential pathogens such 647 

as Vibrio bacteria remain unknown (Amaral-Zettler et al. 2015). Because the metabarcoding 648 

approach is not an appropriate method for describing bacterial virulence, more in-depth studies 649 

are needed to assess the pathogenicity of the OTUs identified in this study. 650 

 651 

4.5. Ocean-specific PMD communities identified through co-occurrence network analysis 652 

With the goal to identify PMD-specific communities, we inferred a cross-ocean co-653 

occurrence network of OTUs from PMD samples. The analysis of this network using a 654 

community detection algorithm revealed communities specifically associated to plastic 655 

particles in both the Pacific Ocean and the Mediterranean Sea. While a specific community was 656 

identified as enriched in abundance in the Pacific samples (Module 1), distinct from the 657 

community enriched Mediterranean samples (Module 2), both these communities (or modules) 658 

were detected in all PMD samples and harbored similar functional potential with specific 659 

enriched predicted functions (as discussed below). A specific signature of Module 1 (Pacific 660 

enriched) was the higher prevalence of associations between Alphaproteobacteria and 661 

Bacteroida, while Module 2 (Mediterranean enriched) had a distinctive signature with a specific 662 

enrichment of associations between Cyanobacteria and Alphaproteobacteria as well as 663 

Bacteroida. These results confirm previous observation of the importance of Cyanobacteria in 664 

the plastisphere bacterial communities classically found in the Mediterranean Sea (Dussud et 665 

al. 2018, Zettler et al. 2021). Nitrogen-fixing cyanobacteria are playing key roles in the primary 666 

production of organic matter, especially in an oligotrophic environment like the Mediterranean 667 

Sea (Le Moal and Biegala 2009; Uysal and Koksalan 2006). A recent study underlined the 668 

strong relationships between microbial activities in the Mediterranean plastisphere by primary 669 
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producers and heterotrophic bacteria (Conan et al. 2022). This type of relationship might 670 

explain the co-occurrence of both autotrophic Cyanobacteria and heterotrophic 671 

Alphaproteobacteria and Bacteroida found in the Module 1. Causal effect between 672 

Cyanobacteria and eukaryotic dinoflagellates was also previously demonstrated in the 673 

plastisphere from the Mediterranean Sea, a pairing that may be related to nitrogen-fixing 674 

capacity in the cyanobacterium in oligotrophic environment (Zettler et al. 2021). Overall, this 675 

cross-ocean co-occurrence network analysis thus revealed the relative contribution of specific 676 

PMD-specific communities across samples, but also likely underlined the need for further 677 

studies to better understand the importance of co-occurrence associations in the role of the 678 

plastisphere in global biogeochemical cycles.  679 

 680 

4.6. Functional potential and redundancy in PMD compared to FL, PA lifestyles in both 681 

oceanic regions 682 

Finally, we explore the functional redundancy of the plastisphere in comparison to FL 683 

and PA lifestyles in the two oceanic regions. Functional redundancy has been approached by 684 

prediction of microbial metagenomes in FL or PA against PMD lifestyles and across the two 685 

oceanic regions. PICRUST analysis highlighted the dominance of a set of putative functions on 686 

PMD compared to FL and PA lifestyles. Although these comparisons were based purely on 687 

predictions made from 16S rRNA gene sequences (Langille et al. 2013; Louca et al. 2016), we 688 

found that several important function in the carbon biogeochemical cycle, biofilm formation, 689 

microbial turnover and nutrient efficiency were overrepresented functional categories on PMD 690 

compared to FL and PA. The dominance of photosynthesis and heterotrophic metabolism 691 

(carbohydrate metabolism, amino acid, vitamin metabolism) on PMD are consistent with the 692 

role played by the plastisphere in the biogeochemical cycles in the context of an increasing 693 

number of plastic particles in the marine environment (Bryant et al. 2016). Another prediction 694 

of overrepresented functional categories on PMD compared to FL and PA was also plausible: 695 

the membrane transport functions and the ABC transporters, as well as the cellular processes 696 

and signal transduction were previously described as essential functions in biofilm formation 697 

and maturation (Lasa and Penadés 2006; Porter et al. 2011; He and Bauer 2014). Other 698 

metabolic pathways, including nitrogen and sulfur metabolism were also enhanced in PMD, 699 

which is in accordance with recent findings showing that microbial turnover and nutrient 700 

efficiency was enhanced in the plastisphere (Zhou et al. 2021). These all suggested that 701 

plastisphere communities could participate in a large number of important ecological processes 702 
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in the marine ecosystem (Bhagwat et al. 2021). Interestingly, our study does not put into 703 

evidence the enhanced metabolic pathways belonging to xenobiotics biodegradation in the 704 

plastisphere, as compared to FL and PA lifestyles. Previous studies underlined the presence of 705 

various contaminants sorbed on PMD surface, including persistent organic pollutants (POPs) 706 

and heavy metals (Alimba and Faggio 2019). We also observed the presence of putative 707 

xenobiotic degradation genes on PMD, as well as the conservative presence of well-known 708 

linear or branched hydrocarbon degraders such as Alcalinovorax sp. and Marinobacter sp. 709 

(Sekiguchi et al. 2011). However, our study suggests that the plastisphere does not suffer from 710 

more environmental stress compared to the surrounding seawater. 711 

 712 

5. Conclusion 713 

The clear niche partitioning together with the description of a core microbiome that could 714 

be characterized at the ocean-basin-scale have important implications for understanding 715 

microbial interactions with plastic on a global scale. Autotrophic and heterotrophic organisms 716 

were always found on PMD in the two oceanic regions, thus reinforcing the importance of 717 

future studies exploring the relative importance of the plastisphere on the carbon sink 718 

(absorbing carbon dioxide from the atmosphere) or source in the Ocean. Our functional 719 

predictive analysis also revealed the importance of nitrogen and sulfur metabolisms on 720 

microplastics that open new questions on the role of the plastisphere in a large number of 721 

important ecological processes in the marine ecosystem. Finally, our finding that Pacific and 722 

Mediterranean plastisphere communities are distinct from each other allowed us to statistically 723 

prove the importance of environmental selection, rather than polymer type or dispersal effects, 724 

in driving changes in plastisphere communities at the Ocean-basin-scale. It opens new routes 725 

for further studies on our ability to predict the plastisphere community responses to 726 

environmental changes. 727 
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Supplementary Text, Tables and Figures 1033 

1. Supplementary Table 1. Analysis of similarities test (ANOSIM, R and p-values) to evaluate if 1034 

differences of bacterial community structure were significantly related to different locations (Pacific vs. 1035 

Mediterranean) and type (FL, PA, PMD). 1036 

 1037 

2. Supplementary text and Supplementary Figure 1 1038 

Biases due to sample imbalance in Network Construction 1039 

To check biases due to imbalanced sampling between the Mediterranean Sea (n=114) and the 1040 

Pacific Ocean (n=104), we reconstructed 1000 networks by randomly selecting 75 Pacific 1041 

samples and compared them with the network obtained using the entire PMD dataset (Figure 1042 

1). We observed that using the entire dataset inferred approximately the same number of nodes 1043 

(Figure 1 A) while ~10% more associations (Figure 1 B). These extra associations did not 1044 

impact the network structure measured by its degree distribution (Figure 1 C), so we concluded 1045 

that using the entire PMD dataset network allowed us to gather more information without 1046 

affecting ecological interpretations. Therefore, the network derived using the entire dataset was 1047 

used in the analyses. 1048 

Location_1 Type_1 Location_2 Type_2 ANOSIM p-value

Pacific FL Mediterranean FL 0.4066 0.004

Pacific FL Pacific PA 0.7191 0.001

Pacific FL Mediterranean PA 0.6211 0.001

Pacific FL Pacific PMD 0.9933 0.001

Pacific FL Mediterranean PMD 0.8165 0.001

Mediterranean FL Pacific PA 0.7427 0.001

Mediterranean FL Mediterranean PA 0.5333 0.001

Mediterranean FL Pacific PMD 0.9544 0.001

Mediterranean FL Mediterranean PMD 0.7136 0.001

Pacific PA Mediterranean PA 0.4253 0.001

Pacific PA Pacific PMD 0.8711 0.001

Pacific PA Mediterranean PMD 0.6720 0.001

Mediterranean PA Pacific PMD 0.9178 0.001

Mediterranean PA Mediterranean PMD 0.6204 0.001

Pacific PMD Mediterranean PMD 0.4761 0.001
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 1049 

Supplemental Figure 1. Simulation analysis for network reconstruction. The red line in panels A, B and 1050 

C shows the value obtained for the network containing all the samples. A) Number of vertices (i.e., 1051 

nodes) in the 1000 network dataset. B) Number of edges (i.e., associations) in the 1000 network dataset 1052 

and C) Degree distribution in the 1000 networks 1053 

2. Relative abundance of modules in samples and co-occurrences between modules 1054 

 1055 

Supplementary Table 1. Wilcoxon tests on Mediterranean / Pacific prevalence based on CLR values on 1056 

PMD Samples. Q.value correction using FDR. 1057 

 1058 

module p.value q.value 

1 4.44E-17 3.11E-16 

2 7.03E-15 2.46E-14 

3 2.71E-04 6.33E-04 

4 9.69E-01 9.69E-01 

5 7.60E-01 8.87E-01 

6 9.80E-03 1.71E-02 

7 2.44E-01 3.41E-01 

 1059 

 1060 
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 1061 

 1062 

Supplemental Figure 2. Links between modules. The entire network was contracted into modules and represented 1063 

as a graph. Node size is proportional to the number of OTUs in each module, whereas edge size between nodes is 1064 

proportional to the number of co-occurrences between OUTs in each module 1065 

 1066 

3. Predictive metagenomic analysis 1067 
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Supplemental Figure 3: Relative abundance of L3 pathways within L2 and ocean-niche groups. 1068 
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