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Abstract

:

Microplastics are ubiquitous in aquatic ecosystems and provide a habitat for biofilm-forming bacteria. The genus Vibrio, which includes potential pathogens, was detected irregularly on microplastics. Since then, the potential of microplastics to enrich (and serve as a vector for) Vibrio has been widely discussed. We investigated Vibrio abundance and operational taxonomic unit (OTU) composition on polyethylene and polystyrene within the first 10 h of colonization during an in situ incubation experiment, along with those found on particles collected from the Baltic Sea. We used 16S rRNA gene amplicon sequencing and co-occurrence networks to elaborate the role of Vibrio within biofilms. Colonization of plastics with Vibrio was detectable after one hour of incubation; however, Vibrio numbers and composition were very dynamic, with a more stable population at the site with highest nutrients and lowest salinity. Likewise, Vibrio abundances on field-collected particles were variable but correlated with proximity to major cities. Vibrio was poorly connected within biofilm networks. Taken together, this indicates that Vibrio is an early colonizer of plastics, but that the process is undirected and independent of the specific surface. Still, higher nutrients could enhance a faster establishment of Vibrio populations. These parameters should be considered when planning studies investigating Vibrio on microplastics.
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1. Introduction


Vibrio bacteria are omnipresent in the marine ecosystem and often associated with other organisms, such as algae or zooplankton [1]. Some marine Vibrio species have the potential to be pathogenic in a human host, such as V. parahaemolyticus, V. vulnificus, and V. alginolyticus. Vibrio populations in general, and potentially pathogenic Vibrio in particular, are strongly affected by environmental conditions, mostly temperature and salinity [2,3,4].



When microplastics in the ocean became an emerging research topic, a scientific discussion began on the role of microplastics as abiotic carriers for Vibrio sp. Following a report of a polypropylene particle from the North Atlantic colonized with a Vibrio strain in high abundance [5], several studies addressed this issue. Across the world, potentially pathogenic Vibrio species were isolated from plastic debris [6,7,8] or detected by specific PCR [9]. Overall, Vibrio abundances on plastic debris appeared low [10,11], especially when compared to natural particles [12]. Recent studies, however, point out the necessity to include abiotic and biotic factors in Vibrio-related investigations. For instance, Foulon and colleagues [13] showed in colonization experiments with V. crassostreae a long attachment (6 days) on irregular polystyrene beads as compared to smooth particles (<10 h). In 2019, both Kesy et al. [14] and Li et al. postulated a positive correlation of salinity and Vibrio numbers on plastic. In high-salinity waters ≥ 26 PSU Vibrio abundance was 2–10 times higher than in seawater or in sediment, while no difference was detected in less saline waters [15].



While many open questions remain, it is clear that microplastics and Vibrio bacteria share a habitat. Our study area, the Baltic Sea, is a brackish, enclosed-shelf sea system in Northern Europe with a salinity gradient of appr. 25 to 3 PSU. The system is under severe anthropogenic pressure with regard to pollution as well as the consequences of climate change. Microplastics reach the Baltic Sea due to irresponsible handling of plastic litter and mismanaged municipal wastewater [16,17], and potentially pathogenic Vibrio species are increasing in abundance due to warmer water temperatures, which in turn increases the infection risk [18]. The interactions between microplastics and Vibrio sp. in the Baltic Sea, however, are not fully understood.



Here, we report Vibrio abundances from an in situ experiment focusing on early colonization, as well as field sampled microplastics from the Baltic Sea. We set out to elucidate the role, dynamics, and influence of biotic and abiotic factors on the potential of Vibrio colonization on microplastics to promote the discussion and provide future directions in the study of Vibrio bacteria and microplastics.




2. Material and Methods


2.1. In Situ Incubation Experiment


Two different plastic resin pellets (ø 3 mm), polyethylene (PE, HDPE HTA108, density 0.961 g·cm−3, ExxonMobil, Irving, TX, USA) and polystyrene (PS, 143 E, density 1.04 g·cm−3, BASF, Ludwigshafen, Germany), were incubated at 3 sites, 1 in the Warnow river at the recreational harbor of the city of Rostock, Germany (Stadthafen), and 2 coastal station of the Baltic Sea in May 2019. One station was close to the Warnow estuary and within the recreational harbor of Hohe Dune, and one at the long-term observatory site of the pier of Heiligendamm (Figure 1). Thirty grams of PE pellets and 35 g of PS pellets were incubated in triplicates within the first meter of the water column, using in-house developed incubators as described in Oberbeckmann et al. (2018) [19]. A subsample of pellets (~7.5 g for PE, ~8.5 g for PS) was taken after 1, 5, and 10 h of exposure. For that, the incubators were retrieved and stored in a bucket with local water while being opened and the pellets collected using a sterilized spoon. The pellets were collected in 50 mL Falcon tubes filled with sterile NaCl solution (2, 10, and 14 g/kg, respectively), and gently inverted several times to remove loose cells. The NaCl solution was discarded carefully and the procedure repeated 2x. After that, the samples were shock-frozen in liquid nitrogen and stored at −80 °C until DNA extraction.



Three water samples (500 mL) were taken during the course of the experiment and serially filtered on site through a 3 µm (seston-attached community) and a 0.22 µm cellulose nitrate filter (GE Whatman, Little Chalfont, UK) (free-living community). Filters were shock-frozen and stored as described above.



Additionally, water samples (1 L) were taken for chlorophyll a, nutrient, and organic material content and treated as described below.




2.2. Field-Collected Plastic Particles


Microplastics were collected during a Baltic Sea cruise (POS488, August–September 2015) from surface waters by Manta net trawl with a 300 µm mesh size. The mesh’s cod-end was then rinsed with sterile-filtered seawater, and individual particles were picked after visual inspection with sterile tweezers, transferred into a sterile microcentrifuge tube, shock-frozen in liquid nitrogen, and stored at −80 °C until further processing. One liter to 500 mL of surface water from each station was also collected and serially filtered as described for the in situ incubation. Nutrients were measured on board with standard colorimetric methods [20], and samples for chlorophyll a concentrations, organic content, and nutrient content were filtered on board, stored frozen at −80 °C and −20 °C, respectively and analyzed at the Institute’s laboratory following standard procedure [20,21,22]. After DNA extraction, particles were confirmed to be of plastic polymer origin using attenuated total reflection (ATR) Fourier transform infrared (FTIR) spectroscopy as described in Lorenz et al. (2019) [23].
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Figure 1. Sampling sites of the in situ incubation experiment, showing the Baltic Sea in Northern Europe (left) and exact location along the coast and Warnow river (right). The dendrogram depicts hierarchical clustering of sites based on Euclidian distance of z-transformed physicochemical and nutrient data. Clusters were agglomerated using Ward’s method. Maps were constructed using Ocean Data View v. 5.0.0 [24]. 
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2.3. DNA Extraction, Library Preparation and Sequencing


DNA was extracted from 40 pooled in situ incubated PE or PS particles, respectively. For the field-collected particles, DNA was extracted from each individual particle. Phenol-chloroform extraction followed a modified protocol from Anderson and MacKay (1983) [25] as described in Oberbeckmann et al. (2018) [19]. Empty tubes were included from the beginning of the extraction including sequencing as blank extraction controls. In a previous study, it was shown that sequences retrieved from the raw test materials were negligible; thus, raw material samples were not included in this experiment [14].



DNA concentrations were adjusted to the average lowest DNA in the dataset. The V3 and V4 variable region of the 16s rRNA gene was amplified using modified primers from Takahashi et al. (2014) [26]: Pro341-XT: 5’-TCGTCGGCAGCGTCAGATGTGCAGCCTACGGGNBGCASCAG-3’ and Pro805-XT: 5’-GTCTCGTGGGCTCGGAGATGTCTACNVGGGTATCTAATCC-3’ and the Kapa HiFi HotStart ReadyMix. PCR conditions were as follows: 3 min of denaturation at 95 °C, followed by 25 cycles of 95 °C for 30 s, 55 °C for 30 s, 72 °C for 30 s, and a final elongation at 72 °C for 5 min. Positive PCR products were confirmed by agarose gelelectrophoresis (1.2% w/v in 1x TBE buffer) and stored at −20 °C until further processing. From here, the Illumina protocol ”16S Metagenomic Sequencing Library Preparation” was followed, and libraries were sequenced on an Illumina MiSeq using a 600 cycle V3 chemistry kit. Positive and negative controls were included in each run.




2.4. Sequence Processing and Downstream Data Analysis


The sequences were processed using the mothur pipeline v. 1.39.5 and v. 1.40.0 [27] following the mothur standard operating procedure (SOP) [28,29] with subsequent modifications, and the sequences were quality filtered using the following parameters (in situ incubation/field-collected dataset): permitted sequence length = 400–430/420–480 bp; maximum number of ambiguous bases per sequence = 0; maximum number of homopolymers per sequence = 8. The sequences were dereplicated while allowing for a mismatch of 4 nucleotides and taxonomically assigned with Wang classification and the SILVA SSU Ref release 132/123 database [30] (required bootstrap value ≥ 85/80%).



For both datasets, sequences classified as Eukaryota, Mitochondria, Archaea, chloroplasts, or unclassified were removed. Finally, operational taxonomic units (OTUs) were picked at a 97% sequences similarity threshold. The representative sequences for each OTU were retrieved using the get.oturep command with method = “abundance”. Raw sequences obtained in this study were submitted to the NCBI Sequence Read Archive (SRA) under BioProjects PRJNA678316 (in situ incubation experiment) and PRJNA632000 (Baltic Sea cruise data).



The resulting OUT table, taxonomy table, representative OUT sequences, and metadata were all imported into the R environment for statistical computing v. 3.5.1 [31]. Further data analysis was conducted using the packages “phyloseq” v. 1.26.1, “speedyseq” v. 0.1.2.9004, “decontam” v. 1.2.1, “reshape2”, “ggplot2” v. 3.3.0, and “vegan” v. 2.5-6 [32,33,34,35,36,37]. For the in situ incubation data, OTUs with ≤ 3 reads, as well as those OTUs with > 3 reads in the positive control, were discarded from the dataset. Potential contaminant sequences were identified using the blank extractions and negatives as controls in the “isContaminant” function from the “decontam” package (method = “either” and threshold = 0.2) and also discarded. After that, all controls were removed from the dataset.



For the Baltic Sea cruise data, OTUs with a total abundance of ≤ 2 and samples with less than 10,000 reads were removed, during which all laboratory controls were removed from the analysis but one.



Phylogenetic trees (based on neighbor joining with bootstrapping, maximum likelihood, maximum parsimony, and a consensus tree from the 3 methods) with all representative sequences of the family Vibrionaceae from both datasets were constructed in ARB v. 6.0.2 [38] and the SILVA SSU Ref release 132, as described in the supplement of Kesy et al. 2019 [14]. Those OTUs that had prior been assigned as unclassified Vibrionaceae, but clustered within the Vibrio clades in a majority of the calculated trees were also regarded as Vibrio OTUs in the subsequent analysis (Figure S1). Since in this study we were only interested in the Vibrio community, the 2 datasets were then trimmed to contain only OTUs classified as Vibrio spp., either by taxonomic assignment or by their clustering within the calculated trees.



Significant differences between relative abundances of Vibrio spp. between timepoints and sites in the in situ incubations were calculated on aggregated Vibrio abundances using the Kruskal–Wallis rank sum test and post hoc Conover–Iman test for multiple comparisons, with Benjamini–Hochberg correction applied, with the conover.test package [39]. To measure the variation of Vibrio OTU composition among biofilms on PE and PS between sites, we calculated the Bray–Curtis dissimilarities between samples, based on square-root-transformed relative abundance of the Vibrio OTUs of each sample. To include the information of replicates with no Vibrio OTU, we added a dummy OTU with an abundance of 0.000000001 to all samples. We then used a PCoA to ordinate the samples based on their Bray–Curtis dissimilarities in two-dimensional space, and to calculate the spread of the samples around the group’s spatial median for the factor “site” within the ordination space as a measure of community variability. This was carried out with the PERMDISP routine [40,41] as implemented in vegan’s “betadisper” function. Significant differences in the dispersions around the group’s spatial median between pairs of sites were calculated with the Tukey’s HSD test.



For the Baltic Sea cruise dataset, the shortest distance (km) to a major city (> 100,000 inhabitants, [42]) was calculated with the Haversine formula, using the online calculation tool of the latlongdata.com webpage (https://latlongdata.com/lat-long-converter/, Lat Lng Data, Ontario, Canada, accessed: 22 September 2020). Spearman rank correlations (rho) were calculated on aggregated Vibrio abundances, and the shortest distance to a major city, number of particles, physicochemical water parameters, as well as nutrient concentrations.



Co-occurrence networks were constructed for each timepoint from the in situ incubations, including both PE and PS samples as well as from all plastic samples collected in the Gulf of Finland. For all networks, only OTUs that were present with a relative abundance > 0.01% in at least three samples were used. Networks were constructed using the CoNet application within the Cytoscape program [43], as described in Faust and Raes (2016) [44], including environmental parameters. Because some were strongly correlated, only the following parameters were included in the networks: salinity, temperature, PO43−, chlorophyll a, dissolved organic carbon (DOC), and dissolved nitrogen (DN). Resulting networks were visualized using the yFiles Organic layout within Cytoscape and analyzed with the NetworkAnalyzer tool.





3. Results and Discussion


3.1. Vibrio Abundances and Composition Are Highly Variable during the First Hours of Colonization


Based on our in situ experiment, colonization of plastics by Vibrio commenced within the very first hour of exposure, showing that Vibrio bacteria are amongst the very first colonizers on plastics. Vibrio colonization was highly dynamic, since there was a high variability in the abundance, as well as the composition of Vibrio OTUs within the first hours (Figure 2, Figure 3 and Figure S2). This hints at a rather undirected colonization process, with stochastic events overwhelmingly contributing to the colonization of plastics by Vibrio, e.g., the encounter of the material by a Vibrio cell.



We observed a trend of higher Vibrio abundances on plastics than on the seston-attached or in the free-living community, but due to the great variation even between biological replicates (apparent from the high SD in Figure 2), these differences were overwhelmingly not significant.



Consequent significant differences between both PE and PS, and the water samples, were only found for the inner river station “Stadthafen” after 5 and 10 h (p-value between 0.01 and 0.02). When comparing the three locations of the incubation experiment, Vibrio composition and abundance became more stable after 1 h at the inner river site “Stadthafen”. While the sites “Stadthafen” and “Hohe Dune” were dominated by OTU 440 and OTU 877, “Heiligendamm” was dominated by OTU 696 and OTU 733 (Figure 2 and Figure S2). These most abundant OTUs clustered closest to Vibrio type strains belonging to the V. anguillarum clade (OTU 440 and OTU 877), the V. vulnificus clade (OTU 696), and the V. rumoiensis clade (OTU 733) [45] in the phylogenetic consensus tree (Figure S1). Notably, the first two clades encompass species with pathogenic potential in animal and human hosts [46]. However, species assignment within the genus Vibrio based solely on a fragment of the 16S rRNA gene should be treated cautiously, since this marker does not provide sufficient phylogenetic resolution for reliable species identification [47]. Furthermore, it does not allow any prediction about the real pathogenic potential, since this often depends on virulence factors that may or may not be present even within the same species [48,49].



We used the distance to the group’s spatial median for the factor “site” within a PCoA-ordination as a measure for the variability of Vibrio OTU composition among plastic biofilms and found that the variability was significantly lower at the inner river site “Stadthafen” compared to ”Heiligendamm” and “Hohe Dune” (p = 0.001 and 0.01, Figure 3 and Figure S3).



One factor that could contribute to the variability within the very first hours of colonization could be the hydrodynamic regime [50]. On the sampling day of the coastal station “Heiligendamm”, it was windy, which created much greater turbulences than during sampling at the other two sites. However, during sampling at the site “Hohe Dune”, conditions were extremely calm, but still Vibrio communities on plastics at both “Heiligendamm” and “Hohe Dune” were significantly more variable than at the inner city “Stadthafen”. Thus, it is unlikely that water turbulences were a major factor. The “Stadthafen” was the site with highest nutrient concentrations and lowest salinities (Figure 1, Table S1). While salinity is the major factor structuring the occurrence of different Vibrio bacteria [2,3,4], higher nutrients could lead to a more rapid succession of the Vibrio community, as has already been shown for biofilm communities in the Baltic Sea [19]. Additionally, Vibrio cell numbers might generally be higher at sites with higher nutrients and thus there is a greater chance of a cell surface encounter and subsequent establishment of a Vibrio biofilm population. A recent study by Sun et al. (2020), investigating biofilms on different plastic material, reported extremely high Vibrio abundances on microplastics incubated among a mussel farm, with a mean of ~52% in biofilms and a mean of ~17% in the corresponding water samples. The authors attributed this to the “high temperature and concentration of organic matter released by cultured shellfishes” [51]. This underlines our assumption that higher nutrients could lead to a more rapid establishment of, and perhaps more consolidated, Vibrio population on microplastics.




3.2. Vibrio Abundances on Field-Collected Particles Correspond with Proximity to Major Cities


We also analyzed Vibrio concentrations on particles sampled from the Baltic Sea with unknown age. Vibrio abundances increased close to larger cities (Vibrio abundances and distance to cities with > 100,000 inhabitants: rho = −0.77, Figure 4 and Figure S4). This strengthens our assumption that Vibrio bacteria are early colonizers of plastics, since cities provide one major pathway of microplastics entering the Baltic Sea, and particles found close to cities probably entered the system more recently [17].



Maximum mean abundance of Vibrio was higher (0.8%, Figure 4) on field-collected particles than on the in situ incubated particles (max. 0.5%, Figure 2). Of note, the two dominant OTUs in this dataset also clustered closest with type strains from the V. anguillarum and V. vulnificus clades, respectively (Figures S1 and S5a). This is particularly interesting, since both datasets are based on data from different years and seasons but show a consistent colonization based on 16S rRNA gene sequence similarity. If these are indeed pathogenic vibrios cannot be determined here.



However, also in this field-based dataset, Vibrio abundances varied among particles collected during the same Manta trawl (e.g., between ~3% and 0% at MP18, the station closest to Tallinn; Figure S5a). Moreover, the number of collected microplastics correlated negatively with distance to main cities (rho = −0.91), fitting well with the hypothesis of coastal cities being a potential microplastic source. Distance to a major city and number of particles were factors that correlated most strongly with Vibrio numbers (rho = −0.77 and 0.91) compared to other parameters (rho ≤ 0.57, Figure S4). Thus, another parameter to consider when assessing microplastics as vectors for putative pathogenic Vibrio is their potential sources, both of the particles and the bacteria. While in most regions of the world’s oceans we do not expect a relevant colonization of microplastics with potentially pathogenic taxa, the risk might be higher in strongly anthropologically impacted areas. A great amount of plastic waste worldwide enters the oceans at coastal sites with high populations, often situated at estuaries with dynamic conditions, and close to waste water drainage systems, such that an enhanced dissemination of potentially pathogenic bacteria on plastics poses a realistic threat to these communities [52].




3.3. Vibrio Bacteria Are not Well Connected in Biofilm Networks


To gain further insights into the potential co-operations or exclusions of Vibrio within the developing biofilm, we constructed co-occurrence networks for each timepoint with OTUs > 0.01% in at least three samples from the in situ experiment. As a comparison, a co-occurrence network from all particles sampled in the Gulf of Finland was also constructed. We found that Vibrio bacteria were not well integrated in the networks (Figure 5). While the number of total OTUs within the networks from the in situ experiment increased over time from 510 at 1 h to 686 at 5 h and to 745 after 10 h, only one out of three Vibrio OTUs (OTU 1840) was included in the 1 and 5 h networks. In the 10 h network, two Vibrio OTUs out of six that were in the starting dataset were still present in the final network (OTU 440 and OTU 696). Although OTU numbers within the networks increased over time, the average number of neighbors for the complete networks stayed constant across the three timepoints (10 neighbors). The majority of Vibrio OTUs had decisively fewer connections to other OTUs than the average, with either only one positive or negative. This was true for all except for OTU 696 in the 10 h network, which had more correlations to other OTUs than the average. However, 24 out of these 25 correlations were negative. The co-occurrence network from the field-collected particles as compared to the in situ experiment had a lower number of total OTUs (431), which may also hint towards an only recent colonization. Here again, we found that from four Vibrio OTUs in the dataset for network construction, only two were present in the final network (OTU 406 and OTU 1936), with three negative correlations and one positive correlation, respectively, compared to an average of seven neighbors for the whole network. A similar pattern for Vibrio was observed in a study investigating enrichment cultures obtained from floating plastics in the Mediterranean Sea, where Vibrio was found to co-occur mostly with a few other Vibrio OTUs after 2 months [53]. Feng et al. (2020) [54] reported that on microplastics incubated in coral areas, the genus Vibrio was amongst the most abundant OTUs after 2 weeks; however, it was not part of the co-occurrence network constructed from those samples. Thus, Vibrio, albeit present in the biofilm, is not well connected within the biofilm network, indicating that this genus is not dependant on resources or secondary metabolites provided by other biofilm bacteria. This also strengthens the assumption that Vibrio bacteria are early colonizers of particles. The genus Vibrio is known for a “feast or famine” growth strategy [55,56,57], and a new surface may provide a new colonization opportunity which Vibrio is quick to respond to [1]. Unfortunately, in this study, the control material (aquarium gravel) did not provide any meaningful data for comparison to other surface types.



However, several studies have shown that Vibrio is also abundant in young biofilms (≤7 days) on other substrates, such as chitin, fibreglass, wood, glass, or feathers [8,14,51,58,59].



This again indicates that biofilm formation for Vibrio is firstly an undirected process, driven by the opportunity of an available new surface. The absence of Vibrio in biofilms from older particles might indicate that Vibrio is not long-term attached to plastics, maybe because in later stages of biofilm formation, the potential of the substrate to serve as a nutritional source for Vibrio bacteria becomes more important. However, this hypothesis, along with how nutrient concentration may affect long-term proliferation of Vibrio on microplastics, would need to be investigated in future studies.





4. Conclusions


We agree with Wright et al. (2020) [60] that the analysis of microplastics as a potential vector for putative pathogenic Vibrio needs to include the information about their real pathogenic potential. However, our results showed that the colonization of plastics with diverse Vibrio can be highly dynamic, especially in lower nutrient and higher saline systems. We therefore propose that future studies investigating Vibrio bacteria on (micro-)plastics consider the quality and physicochemical parameters of water and temporal dynamics, as well as proximity to potential sources to be included a priori.








Supplementary Materials


The following are available online at https://www.mdpi.com/2076-2607/9/1/76/s1, Figure S1: Phylogenetic consensus tree of all Vibrionaceae OTUs from the in situ incubation experiment and Baltic Sea cruise dataset. Figure S2: Relative Vibrio abundance per replicate on PE, PS, and water during the in situ incubation experiment. Figure S3: PCoA-ordination plot based on Bray–Curtis dissimilarities between samples. Figure S4: Spearman rank correlation of mean Vibrio abundances on field-collected microplastics, distance to city, number of particles, nutrients, and physicochemical water properties during the Baltic Sea summer cruise 2015. The correlogram was constructed using the corrplot package for R [61] Figure S5: Relative Vibrio abundance per replicate of field-collected microplastics and water during the Baltic Sea summer cruise 2015. Table S1: Site descriptions, physicochemical water parameters, and nutrient concentrations during the in situ incubation experiment.





Author Contributions


Conceptualization, K.K., M.L. and S.O.; formal analysis, K.K. and B.S.S.; investigation, K.K. and S.O.; resources, S.O., M.L., B.K.; data curation, K.K. and B.S.S.; writing—original draft preparation, K.K. and S.O.; writing—review and editing, K.K., M.L., B.S.S., B.K. and S.O.; visualization, K.K.; supervision, M.L. and S.O.; project administration, M.L. and S.O.; funding acquisition, M.L., B.K. and S.O. All authors have read and agreed to the published version of the manuscript.




Funding


This work resulted from the BONUS project “Multilevel assessment of microplastics and associated pollutants in the Baltic Sea” (MICROPOLL), funded jointly by the European Union and the Federal Ministry of Education and Research, Germany (grant number 03F0775A to S.O.) and the WGL-PAKT project “The role of microplastics as a vector for microbial populations in the ecosystem Baltic Sea” (MikrOMIK), funded by the German Leibniz Association (grant number SAW-2014-IOW-2 to M.L.) Purchase of the Illumina MiSeq was kindly supported by the EU-EFRE (European Funds for Regional Development) program and funds from the University Medicine Rostock.




Data Availability Statement


The data presented in this study are openly available from the NCBI Sequence Read Archive (SRA) under BioProjects PRJNA678316 and PRJNA632000.




Acknowledgments


Christian Burmeister, Jenny Jeschek, Lars Kreuzer, and Birgit Sadkowiak (all IOW) are greatly acknowledged for measurment of chlorophyll a, nutrient and organic content. We thank Jana Bull (Uni Rostock) for excellent technical assistance during library preparation and sequencing. Gunnar Gerdts is greatly acknowledged for access to and assistance with ATR-FTIR analyses. We also thank Georg Sichtling from the “Rostocker Segelverein Citybootshafen e.V.”, and Gabriele Senkpiel from the “Yachthafenresidenz Hohe Düne” for providing access to their piers. The assistance of René Janßen and Lars Möller (IOW) during sampling is greatly acknowledged. Last, Katharina would like to thank Kai Schmedemann for moral support during long sampling days.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Takemura, A.F.; Chien, D.M.; Polz, M.F. Associations and dynamics of Vibrionaceae in the environment, from the genus to the population level. Front. Microbiol. 2014, 5. [Google Scholar] [CrossRef] [PubMed]

	



Oberbeckmann, S.; Wichels, A.; Wiltshire, K.H.; Gerdts, G. Occurrence of Vibrio parahaemolyticus and Vibrio alginolyticus in the German Bight over a seasonal cycle. Antonie Van Leeuwenhoek 2011, 100, 291–307. [Google Scholar] [CrossRef] [PubMed]

	



Oberbeckmann, S.; Fuchs, B.M.; Meiners, M.; Wichels, A.; Wiltshire, K.H.; Gerdts, G. Seasonal dynamics and modeling of a Vibrio community in coastal waters of the North Sea. Microb. Ecol. 2012, 63, 543–551. [Google Scholar] [CrossRef] [PubMed]

	



Vezzulli, L.; Grande, C.; Reid, P.C.; Hélaouët, P.; Edwards, M.; Höfle, M.G.; Brettar, I.; Colwell, R.R.; Pruzzo, C. Climate influence on Vibrio and associated human diseases during the past half-century in the coastal North Atlantic. Proc. Natl. Acad. Sci. USA 2016, 113, E5062–E5071. [Google Scholar] [CrossRef]

	



Zettler, E.R.; Mincer, T.J.; Amaral-Zettler, L.A. Life in the “plastisphere”: Microbial communities on plastic marine debris. Environ. Sci. Technol. 2013, 47, 7137–7146. [Google Scholar] [CrossRef]

	



Kirstein, I.V.; Kirmizi, S.; Wichels, A.; Garin-Fernandez, A.; Erler, R.; Löder, M.; Gerdts, G. Dangerous hitchhikers? Evidence for potentially pathogenic Vibrio spp. on microplastic particles. Mar. Environ. Res. 2016, 120, 1–8. [Google Scholar] [CrossRef]

	



Silva, M.M.; Maldonado, G.C.; Castro, R.O.; Felizardo, J.P.; Cardoso, R.P.; Anjos, R.M.; Araújo, F.V. de Dispersal of potentially pathogenic bacteria by plastic debris in Guanabara Bay, RJ, Brazil. Mar. Pollut. Bull. 2019, 141, 561–568. [Google Scholar] [CrossRef]

	



Laverty, A.L.; Primpke, S.; Lorenz, C.; Gerdts, G.; Dobbs, F.C. Bacterial biofilms colonizing plastics in estuarine waters, with an emphasis on Vibrio spp. and their antibacterial resistance. PLoS ONE 2020, 15, e0237704. [Google Scholar] [CrossRef]

	



Frère, L.; Maignien, L.; Chalopin, M.; Huvet, A.; Rinnert, E.; Morrison, H.; Kerninon, S.; Cassone, A.-L.; Lambert, C.; Reveillaud, J.; et al. Microplastic bacterial communities in the Bay of Brest: Influence of polymer type and size. Environ. Pollut. 2018, 242, 614–625. [Google Scholar] [CrossRef]

	



Bryant, J.A.; Clemente, T.M.; Viviani, D.A.; Fong, A.A.; Thomas, K.A.; Kemp, P.; Karl, D.M.; White, A.E.; DeLong, E.F. Diversity and activity of communities inhabiting plastic debris in the North Pacific Gyre. mSystems 2016, 1. [Google Scholar] [CrossRef]

	



Curren, E.; Leong, S.C.Y. Profiles of bacterial assemblages from microplastics of tropical coastal environments. Sci. Total Environ. 2019, 655, 313–320. [Google Scholar] [CrossRef]

	



Oberbeckmann, S.; Labrenz, M. Marine microbial assemblages on microplastics: Diversity, adaptation, and role in degradation. Annu. Rev. Mar. Sci. 2020, 12. [Google Scholar] [CrossRef]

	



Foulon, V.; Le Roux, F.; Lambert, C.; Huvet, A.; Soudant, P.; Paul-Pont, I. Colonization of polystyrene microparticles by Vibrio crassostreae: Light and electron microscopic investigation. Environ. Sci. Technol. 2016, 50, 10988–10996. [Google Scholar] [CrossRef] [PubMed]

	



Kesy, K.; Oberbeckmann, S.; Kreikemeyer, B.; Labrenz, M. Spatial environmental heterogeneity determines young biofilm assemblages on microplastics in Baltic Sea mesocosms. Front. Microbiol. 2019, 10, 1665. [Google Scholar] [CrossRef] [PubMed]

	



Li, W.; Zhang, Y.; Wu, N.; Zhao, Z.; Xu, W.; Ma, Y.; Niu, Z. Colonization characteristics of bacterial communities on plastic debris influenced by environmental factors and polymer types in the Haihe Estuary of Bohai Bay, China. Environ. Sci. Technol. 2019, 53, 10763–10773. [Google Scholar] [CrossRef] [PubMed]

	



Haseler, M.; Weder, C.; Buschbeck, L.; Wesnigk, S.; Schernewski, G. Cost-effective monitoring of large micro- and meso-litter in tidal and flood accumulation zones at south-western Baltic Sea beaches. Mar. Pollut. Bull. 2019, 149, 110544. [Google Scholar] [CrossRef] [PubMed]

	



Schernewski, G.; Radtke, H.; Hauk, R.; Baresel, C.; Olshammar, M.; Osinski, R.; Oberbeckmann, S. Transport and behavior of microplastics emissions from urban sources in the Baltic Sea. Front. Environ. Sci. 2020, 8. [Google Scholar] [CrossRef]

	



Baker-Austin, C.; Trinanes, J.A.; Taylor, N.G.H.; Hartnell, R.; Siitonen, A.; Martinez-Urtaza, J. Emerging Vibrio risk at high latitudes in response to ocean warming. Nat. Clim. Chang. 2013, 3, 73–77. [Google Scholar] [CrossRef]

	



Oberbeckmann, S.; Kreikemeyer, B.; Labrenz, M. Environmental factors support the formation of specific bacterial assemblages on microplastics. Front. Microbiol. 2018, 8. [Google Scholar] [CrossRef]

	



Grasshoff, K.; Kremling, K.; Ehrhardt, M. (Eds.) Methods of Seawater Analysis, 3rd ed.; Wiley-VCH: Weinheim, Germany, 1999. [Google Scholar]

	



IOC. SCOR Protocols for the Joint Global Ocean Flux Study (JGOFS) core measurements. In IOC. Manuals and Guides; UNESCO: Paris, France, 1994; Volume 29, p. 170. [Google Scholar]

	



ICES. Chemical measurements in the Baltic Sea: Guidelines on quality assurance. In ICES Techniques in Marine Environmental Sciences; Lysiak-Pastuszak, E., Krysell, M., Eds.; ICES: Copenhagen, Denmark, 2004; p. 149. [Google Scholar]

	



Lorenz, C.; Roscher, L.; Meyer, M.S.; Hildebrandt, L.; Prume, J.; Löder, M.G.J.; Primpke, S.; Gerdts, G. Spatial distribution of microplastics in sediments and surface waters of the southern North Sea. Environ. Pollut. 2019, 252, 1719–1729. [Google Scholar] [CrossRef]

	



Schlitzer, R. Ocean Data View; Alfred Wegener Institute for Polar and Marine Research: Bremerhaven, Germany, 2018. [Google Scholar]

	



Anderson, D.G.; McKay, L.L. Simple and rapid method for isolating large plasmid DNA from lactic streptococci. Appl. Environ. Microbiol. 1983, 46, 549–552. [Google Scholar] [CrossRef] [PubMed]

	



Takahashi, S.; Tomita, J.; Nishioka, K.; Hisada, T.; Nishijima, M. Development of a prokaryotic universal primer for simultaneous analysis of Bacteria and Archaea using next-generation sequencing. PLoS ONE 2014, 9, e105592. [Google Scholar] [CrossRef] [PubMed]

	



Schloss, P.D.; Westcott, S.L.; Ryabin, T.; Hall, J.R.; Hartmann, M.; Hollister, E.B.; Lesniewski, R.A.; Oakley, B.B.; Parks, D.H.; Robinson, C.J.; et al. Introducing mothur: Open-source, platform-independent, community-supported software for describing and comparing microbial communities. Appl. Environ. Microbiol. 2009, 75, 7537–7541. [Google Scholar] [CrossRef] [PubMed]

	



Schloss, P.D. MiSeq SOP; Mothur: Ann Arbor, MI, USA; Available online: https://www.mothur.org/wiki/MiSeq_SOP (accessed on 7 November 2018).

	



Kozich, J.J.; Westcott, S.L.; Baxter, N.T.; Highlander, S.K.; Schloss, P.D. Development of a dual-index sequencing strategy and curation pipeline for analyzing amplicon sequence data on the MiSeq Illumina sequencing platform. Appl. Environ. Microbiol. 2013, 79, 5112–5120. [Google Scholar] [CrossRef]

	



Yilmaz, P.; Parfrey, L.W.; Yarza, P.; Gerken, J.; Pruesse, E.; Quast, C.; Schweer, T.; Peplies, J.; Ludwig, W.; Glöckner, F.O. The SILVA and “All-species Living Tree Project (LTP)” taxonomic frameworks. Nucleic Acids Res. 2014, 42, 643–648. [Google Scholar] [CrossRef]

	



R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria, 2017. [Google Scholar]

	



Wickham, H. Reshaping data with the reshape package. J. Stat. Softw. 2007, 21, 1–20. [Google Scholar] [CrossRef]

	



Wickham, H. Ggplot2: Elegant Graphics for Data Analysis; Springer: New York, NY, USA, 2016; ISBN 978-3-319-24277-4. [Google Scholar]

	



McMurdie, P.J.; Holmes, S. phyloseq: An R package for reproducible interactive analysis and graphics of microbiome census data. PLoS ONE 2013, 8, e61217. [Google Scholar] [CrossRef]

	



Davis, N.M.; Proctor, D.M.; Holmes, S.P.; Relman, D.A.; Callahan, B.J. Simple statistical identification and removal of contaminant sequences in marker-gene and metagenomics data. Microbiome 2018, 6, 226. [Google Scholar] [CrossRef]

	



Oksanen, J.; Blanchet, F.G.; Friendly, M.; Kindt, R.; Legendre, P.; McGlinn, D.; Minchin, P.R.; O’Hara, R.B.; Simpson, G.L.; Solymos, P.; et al. Vegan: Community Ecology Package; R Foundation for Statistical Computing: Vienna, Austria, 2018. [Google Scholar]

	



McLaren, M. Mikemc/Speedyseq: Speedyseq v0.2.0; Zenodo: Geneve, Switzerland, 2020. [Google Scholar]

	



Ludwig, W.; Strunk, O.; Westram, R.; Richter, L.; Meier, H.; Kumar, Y.; Buchner, A.; Lai, T.; Steppi, S.; Jobb, G.; et al. ARB: A software environment for sequence data. Nucleic Acids Res. 2004, 32, 1363–1371. [Google Scholar] [CrossRef]

	



Dinno, A. Conover. Test: Conover-Iman Test of Multiple Comparisons Using Rank Sums; R Foundation for Statistical Computing: Vienna, Austria, 2017. [Google Scholar]

	



Anderson, M.J. Distance-based tests for homogeneity of multivariate dispersions. Biometrics 2006, 62, 245–253. [Google Scholar] [CrossRef]

	



Anderson, M.J.; Ellingsen, K.E.; McArdle, B.H. Multivariate dispersion as a measure of beta diversity. Ecol. Lett. 2006, 9, 683–693. [Google Scholar] [CrossRef] [PubMed]

	



Körösi, M.J. Pour arriver a une comparabilité internationale des ouvrages de recensement. Bull. L’Inst. Intern. Stat. 1887, 200–215. [Google Scholar]

	



Shannon, P. Cytoscape: A software environment for integrated models of biomolecular interaction networks. Genome Res. 2003, 13, 2498–2504. [Google Scholar] [CrossRef] [PubMed]

	



Faust, K.; Raes, J. CoNet app: Inference of biological association networks using Cytoscape. F1000 Res. 2016, 5, 1519. [Google Scholar] [CrossRef]

	



Sawabe, T.; Ogura, Y.; Matsumura, Y.; Feng, G.; Amin, A.R.; Mino, S.; Nakagawa, S.; Sawabe, T.; Kumar, R.; Fukui, Y.; et al. Updating the Vibrio clades defined by multilocus sequence phylogeny: Proposal of eight new clades, and the description of Vibrio tritonius sp. nov. Front. Microbiol. 2013, 4. [Google Scholar] [CrossRef] [PubMed]

	



Gomez-Gil, B.; Thompson, C.C.; Matsumura, Y.; Sawabe, T.; Iida, T.; Christen, R.; Thompson, F.; Sawabe, T. The Family Vibrionaceae. In The Prokaryotes: Gammaproteobacteria; Rosenberg, E., DeLong, E.F., Stackebrandt, E., Thompson, F., Eds.; Springer: Berlin/Heidelberg, Germany, 2014. [Google Scholar]

	



Thompson, C.C.; Vicente, A.C.P.; Souza, R.C.; Vasconcelos, A.T.R.; Vesth, T.; Alves, N.; Ussery, D.W.; Iida, T.; Thompson, F.L. Genomic taxonomy of vibrios. BMC Evol. Biol. 2009, 9. [Google Scholar] [CrossRef] [PubMed]

	



Sakib, S.N.; Reddi, G.; Almagro-Moreno, S. Environmental role of pathogenic traits in Vibrio cholerae. J. Bacteriol. 2018, 200. [Google Scholar] [CrossRef]

	



Jones, M.K.; Oliver, J.D. Vibrio vulnificus: Disease and pathogenesis. Infect. Immun. 2009, 77, 1723–1733. [Google Scholar] [CrossRef]

	



Niederdorfer, R.; Peter, H.; Battin, T.J. Attached biofilms and suspended aggregates are distinct microbial lifestyles emanating from differing hydraulics. Nat. Microbiol. 2016, 1, 16178. [Google Scholar] [CrossRef]

	



Sun, X.; Chen, B.; Xia, B.; Li, Q.; Zhu, L.; Zhao, X.; Gao, Y.; Qu, K. Impact of mariculture-derived microplastics on bacterial biofilm formation and their potential threat to mariculture: A case in situ study on the Sungo Bay, China. Environ. Pollut. 2020, 262, 114336. [Google Scholar] [CrossRef]

	



Bastaraud, A.; Cecchi, P.; Handschumacher, P.; Altmann, M.; Jambou, R. Urbanization and waterborne pathogen emergence in low-income countries: Where and how to conduct surveys? Int. J. Environ. Res. Publ. Health 2020, 17, 480. [Google Scholar] [CrossRef]

	



Delacuvellerie, A.; Cyriaque, V.; Gobert, S.; Benali, S.; Wattiez, R. The plastisphere in marine ecosystem hosts potential specific microbial degraders including Alcanivorax borkumensis as a key player for the low-density polyethylene degradation. J. Hazard. Mater. 2019, 380, 120899. [Google Scholar] [CrossRef] [PubMed]

	



Feng, L.; He, L.; Jiang, S.; Chen, J.; Zhou, C.; Qian, Z.-J.; Hong, P.; Sun, S.; Li, C. Investigating the composition and distribution of microplastics surface biofilms in coral areas. Chemosphere 2020, 252, 126565. [Google Scholar] [CrossRef] [PubMed]

	



Heidelberg, J.F.; Eisen, J.A.; Nelson, W.C.; Clayton, R.A.; Gwinn, M.L.; Dodson, R.J.; Haft, D.H.; Hickey, E.K.; Peterson, J.D.; Umayam, L.; et al. DNA sequence of both chromosomes of the cholera pathogen Vibrio cholerae. Nature 2000, 406, 477–483. [Google Scholar] [CrossRef] [PubMed]

	



Gilbert, J.A.; Steele, J.A.; Caporaso, J.G.; Steinbrück, L.; Reeder, J.; Temperton, B.; Huse, S.; McHardy, A.C.; Knight, R.; Joint, I.; et al. Defining seasonal marine microbial community dynamics. ISME J. 2012, 6, 298–308. [Google Scholar] [CrossRef] [PubMed]

	



Westrich, J.R.; Ebling, A.M.; Landing, W.M.; Joyner, J.L.; Kemp, K.M.; Griffin, D.W.; Lipp, E.K. Saharan dust nutrients promote Vibrio bloom formation in marine surface waters. Proc. Natl. Acad. Sci. USA 2016, 113, 5964–5969. [Google Scholar] [CrossRef]

	



Datta, M.S.; Sliwerska, E.; Gore, J.; Polz, M.F.; Cordero, O.X. Microbial interactions lead to rapid micro-scale successions on model marine particles. Nat. Commun. 2016, 7, 11965. [Google Scholar] [CrossRef]

	



Rampadarath, S.; Bandhoa, K.; Puchooa, D.; Jeewon, R.; Bal, S. Early bacterial biofilm colonizers in the coastal waters of Mauritius. Electron. J. Biotechnol. 2017, 29, 13–21. [Google Scholar] [CrossRef]

	



Wright, R.J.; Erni-Cassola, G.; Zadjelovic, V.; Latva, M.; Christie-Oleza, J.A. Marine plastic debris: A new surface for microbial colonization. Environ. Sci. Technol. 2020, 54, 11657–11672. [Google Scholar] [CrossRef]

	



Wei, T.; Simko, V. R Package “Corrplot”: Visualization of a Correlation Matrix; R Foundation for Statistical Computing: Vienna, Austria, 2017. [Google Scholar]








[image: Microorganisms 09 00076 g002 550] 





Figure 2. Mean relative abundance data of Vibrio operational taxonomic units (OTUs) on PE, PS, and water during an in situ incubation experiment covering the Warnow river (Stadthafen) and two Baltic Sea coastal station (Heiligendamm and Hohe Dune). Plastic samples were taken after 1, 5, and 10 h. Vibrio abundances within the water were fractionated into those on the seston-attached fraction (>3 µm) and in the free-living fraction (3–0.22 µm). Colors indicate different Vibrio OTUs based on 97% sequence similarity. Error bars give the standard deviation (SD) of the mean aggregated Vibrio abundances. 
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Figure 3. Boxplot depicting the distances to the groups’ spatial medians for the factor “site” of biofilms on PE and PS during the in situ incubation experiment, covering the Warnow river (Stadthafen) and two Baltic Sea coastal stations (Heiligendamm and Hohe Dune), after 1, 5, and 10 h. Groups’ spatial medians were derived from a PCoA-ordination based on Bray–Curtis dissimilarities between Vibrio communities as a measure for community variability. 
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Figure 4. Mean relative abundance data of Vibrio spp. on field sampled plastics of the POS488 summer cruise (2015), covering the Gotland Sea (ex. Bay of Gdansk), Gulf of Riga, Gulf of Finland, and Bothnian Sea. Color gradient depicts mean Vibrio abundance (%) (in the case of n = 1, no mean was calculated), n = number of microplastic particles. Blue diamonds show major cities (>100,000 inhabitants) around the sampling area. The map was constructed using Ocean Data View v. 5.0.0 [24]. 
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Figure 5. Co-occurrence networks of bacterial OTUs (circles), with relative abundance > 0.01% in at least three samples on plastics. Circle size represents mean abundance across all samples. Co-presence between OTUs is depicted with green edges, mutual exclusions with magenta edges. Co-occurrence networks for the exposure experiment include all stations but separated for the three different timepoints (1, 5, and 10 h), including environmental parameters (diamond shape: Temp = temperature, Chl a = chlorophyll a, DOC = dissolved organic carbon, PO43− = phosphate, DN = dissolved nitrogen, Sal = salinity). A co-occurrence network for field-collected microplastics was constructed for all stations within the Gulf of Finland. Vibrio OTUs are highlighted with a red contour. 
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