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Introduction: Floating microplastic debris are found in most marine environments 
around the world. Due to their low density and high durability, plastic polymers 
such as polyethylene, polypropylene, and polystyrene serve as stable floating 
substrates for the colonization of diverse communities of marine organisms. 
Despite the high abundance of microplastic debris in the oceans, it is not clear 
how the geographical location and season affect the composition of marine 
microplastic and its bacterial microbiome in the natural environment.

Methods: To address this question, microplastic debris were collected from the 
sea surface near estuaries in the Mediterranean Sea (Israel) and in the Atlantic 
Ocean (Portugal) during summer and winter of 2021. The microplastic physical 
characteristics, including shape, color, and polymer composition, were analyzed 
and the taxonomic structure of the microplastic bacterial microbiome was 
characterized using a high-resolution metabarcoding pipeline.

Results: Our results, supported by previously published data, suggest that the 
plastisphere is a highly diverse ecosystem which is strongly shaped by spatial and 
temporal environmental factors. The geographical location had the highest impact 
on the plastisphere physical characteristics and its microbiome composition, 
followed by the season. Our metabarcoding analysis showed great variability 
between the different marine environments with a very limited microbiome “core.”

Discussion: This notion further emphasizes the importance of plastisphere studies 
in different geographical locations and/or seasons for the characterization of the 
plastisphere and the identification of plastic-associated species.
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Introduction

Between 13 and 23 million tons of plastic enter the oceans every year and with this figure 
expected to rise, marine plastic pollution is an increasing environmental concern (Borrelle et al., 
2020; Lincoln et al., 2022). Most plastic pollutants enter the marine environment from coastal 
and inland sources by wind and water, either directly or through treated/untreated waste water 
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(Uddin et al., 2020). A major channel for land plastic waste arrival to 
the sea are rivers and estuaries (Mai et al., 2020; Yang et al., 2021). 
After arrival to the ocean, plastic pollutants circulate the marine 
environment for many years during which they are slowly fragmented 
into smaller microplastic (<5 mm) and nanoplastic (<1 μm) particles. 
The fragmentation is driven by thermal- and photo-degradation, 
abiotic/biotic oxidation or hydrolysis (Andrady, 2011) along with the 
sheering forces of currents and waves.

High microplastic concentrations were recorded in five subtropical 
ocean gyres (Cózar et al., 2017); however, microplastic debris has been 
found in almost all marine environments including the Arctic and the 
Antarctic regions (Peeken et al., 2018; Lacerda et al., 2019; Cunningham 
et al., 2020). Enclosed basins that are surrounded by densely populated 
coasts such as the Mediterranean Sea serve as hubs for microplastic 
pollution (Sharma et al., 2021). Marine microplastic consist of debris 
that are made of a variety of different polymers, additives, and dyes. 
They include primary microplastics that are manufactured in 
microscopic sizes or secondary microplastics that are derived from 
larger plastic objects (Cole et al., 2011). Polymers with lower density 
than sea water, including polyethylene (PE), polypropylene (PP), and 
polystyrene (PS), dominate the sea surface, whereas denser polymers, 
such as polyethylene terephthalate (PET) are enriched in deeper water 
and on the sea floor (Erni-Cassola et al., 2019).

At sea, microplastics are readily colonized by a variety of marine 
organisms, creating an ecosystem that is distinct from its surrounding 
water which is referred to as the plastisphere (Zettler et al., 2013). It 
was shown that the plastic microbiome composition is variable among 
different geographical locations (Oberbeckmann et al., 2014; Amaral-
Zettler et  al., 2015; Coons et  al., 2021) and that it is affected by 
environmental factors such as salinity, water temperature, light, and 
nutrient availability (Amaral-Zettler et al., 2015; Oberbeckmann et al., 
2018; Misic and Covazzi Harriague, 2019). Although the colonization 
characteristics of microbial communities on microplastics have been 
investigated in a variety of short-term (Oberbeckmann et al., 2014, 
2016; Coons et al., 2021; Zhang et al., 2022) and long-term (Pinnell 
and Turner, 2020) in-situ experiments, only few studies have 
investigated the effects of both geographical and seasonal factors in 
the natural environment (Dong et al., 2021; Yang et al., 2021).

To understand how seasonal and geographical factors may affect 
the plastisphere composition, we sampled microplastic debris in two 
separate marine environments, near river estuaries in the 
Mediterranean Sea (Israel) and in the Atlantic Ocean (Portugal), in 
two opposing seasons–summer and winter. The physical composition 
of the microplastic debris as well as the taxonomic structure of the 
bacterial communities attached to them was obtained, analyzed, 
and compared.

Methods

Sampling

The microplastic and seawater were sampled from two sites 
representing two separate marine environments–one in the Atlantic 
Ocean (Portugal site) and one in the eastern Mediterranean Sea (Israel 
site). The exact locations were 0.5–1.2 km from the shoreline of Yarkon 
estuary, Tel Aviv, Israel (32°06′35.7”N, 34°46′18.7″E) and of the Sado 
estuary, Setubal, Portugal (38°28′22.2”N 8°58′28.3”W; Figure 1). The 

samples were collected from the sea surface in both locations in the 
winter (February/March) and in the summer (July) of 2021 using a 
manta net (Hydro-Bios, Microplastic net, 438,217), with a mesh size of 
300 μm and mouth opening of 30 × 15 cm. The manta net was towed 
from a research vessel at a speed of 2–3 knots for 20–30 min in parallel 
to the coastline (3 times on the same line). The water volume filtered 
through the net during each tow was calculated from flow meter counts 
(Hydro-Bios-438,110) using the expression number of revolutions x 
0.3 x net opening area (m2)/1000 = volume m3 (Supplementary Table S1). 
Physico-chemical parameters (water temperature, salinity, and depth) 
were registered (Table  1) with a portable multiparameter probe 
(HI98194 Multiparameter, HANNA Instruments).

Microplastic particles recovered from the collecting cod-end of 
the net were rinsed in filtered artificial seawater. Seawater from the site 
was sampled using sterile sampling bottles. For DNA metabarcoding 
analysis of the plastic microbiome, 10 microplastic particles were 
randomly picked up from each sample and the rest was kept in sea 
water for the characterization of the microplastic. For DNA 
metabarcoding analysis of the water microbiome, 0.5 L of the sampled 
water was filtered onto a 0.22 μm polyethersulfone membrane 
(Millipore) using a 20 l/min pump (MRC).

Identification and quantification of 
microplastics

The physical analysis of all microplastic samples was performed 
in Portugal. Samples were first processed to remove organic material. 
A chemical digestion using potassium hydroxide (KOH) was used to 
extract the microplastics from biological matrices, according to 
(Pagter et al., 2018; Supplementary information, protocol, SI-P1) and 
analyzed in entirety except for the Yarkon samples from summer 
which due to the high amount of microplastics present were 
subsampled six times using a Folsom Plankton Splitter (Wildco® 
1831-F10). All plastic particles were observed using a stereoscopic 
microscope (Leica DFC480) equipped with a camera (Leica 
Flexacam). The particles were then counted, measured, and separated 
according to their typology (fragment, filament, pellet, film, 
microbead, and sponge/foam) and color (black, blue, white, 
transparent, red, green, multicolor, and others). Examples for 
typologies and colors are presented in Supplementary Figure S1.

ImageJ software (v1.48, National Institutes of Health) and Leica 
LAS-X measurement software (Leica Application Suite X-LAS X) were 
used to measure the microplastics. The plastic particles that were 
removed for DNA extraction were also included in the total plastic 
particles. A blank was used (filter exposed to air) throughout the 
procedure and microplastics found in the blanks that were similar to 
those found in the samples were removed from the analyzes.

IBM® SPSS® Statistics 25.0 software was used for the statistical 
analysis of the microplastics. Kolmogorov–Smirnov and Shapiro–
Wilk tests were used to test the normality of variables. Nonparametric 
tests were selected since the data did not follow a normal 
distribution. To compare the abundance of plastics, between seasons 
(summer and winter) and locations (Yarkon and Sado) the 
non-parametric Kruskal-Wallis H (KW) test was used. Mann 
Whitney U-test was used to perform Pairwise comparisons between 
two independent groups. A significance level of 0.05 was considered 
for all statistical analyzes.
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Fourier transformed infrared spectroscopy (FTIR Spectrum 
Two™ ATR Universal spectrometer, Perkin Elmer, United States) 
in attenuated total reflectance (ATR) was used to collect spectra 
in the absorbance mode in the region of 4,000 cm-1 to 450 cm-1 
with a data range of cm-1. The resolution was fixed at 4 cm-1 (4 
scans). Plastic samples were pressed against the diamond crystal 
with a force of 80–120 N. Spectra were obtained by absorbance (A) 
and analyzed using PerkinElmer Spectrum IR software (version 

10.7.2). The results were compared with several reference spectra 
from different Perkin Elmer databases and pre-existing spectral 
libraries (Hummel, 2002; Coates, 2006; Jung et  al., 2018) to 
identify the chemical nature of the plastics. The acceptance level 
was established at >90% similarity match, between the sample 
spectrum and the reference spectra database. Statistical analyzes 
were performed using IBM® SPSS® Statistics 25.0 software 
(Chicago, IL, United States).

A

B C

FIGURE 1

Map of collection sites. (A) Sampling areas in the eastern Atlantic Ocean (Portugal) and the eastern Mediterranean Sea (Israel); (B,C) Enlargement of the 
insets from (A). Red stars indicate the Portugal and Israel sampling sites near the mouth of both estuaries.

TABLE 1 Environmental parameters and microplastic concentration for each collection.

Yarkon summer Yarkon winter Sado summer Sado winter

Date 13/07/2021 03/02/2021 21/07/2021 02/03/2021

Sea temperature (°C) 29.8 19.6 18.0 15.3

Salinity (PSU) 39.46 39.47 37 34.3

Site depth (m) 6.3 6.2 5.6 6.2

Microplastic concentration (particles m−3, 

mean ± SD)

112.59 ± 13.18 0.07 ± 0.03 0.04 ± 0.02 0.08 ± 0.04
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PCR and MinION sequencing

DNA was extracted from all samples using DNeasy PowerWater 
Kit (Qiagen) according to manufacturer instruction. Water DNA was 
extracted directly from the polyethersulfone filters, whereas plastic 
biofilm DNA was extracted directly from the washed microplastic 
debris (10 particles in each pooled sample). The amplification, 
sequencing, and bioinformatics were performed in-house in Israel 
according to our previously tested pipeline (Davidov et al., 2020). The 
complete 16S rRNA gene was amplified using 27F (5′- AGAGTTTG 
ATCMTGGCTCAG-3′) and 1492R (5′- GGTTACCTTGTTACGA 
CTT-3′) primers (Weisburg et al., 1991), with an expected product 
size of ~1.5 kb. The PCR amplification parameters were: initial 
denaturation at 94°C for 2 min, followed by 32 cycles of denaturation 
at 94°C for 30 s, annealing at 56°C for 30 s, extension at 72°C for 45 s, 
and single extension at 72°C for 5 min. The reaction volume was 50 μl 
with 25–75 ng of template sample DNA. The PCR products were 
cleaned with QIAquick-PCR Purification kit (QIAGEN) to meet the 
criteria of the MinION nanopore library preparation protocol 
(Karamitros and Magiorkinis, 2018). The sequencing library was 
multiplexed using the 16S barcoding kit 1–24 protocol with 
SQK-16S024 kit (Oxford Nanopore Technologies), loaded onto to the 
MinION Nanopore Spot-on flow cell (FLO-MIN106D, version R9) 
and sequenced until reaching ~7 Giga nucleotides (~4 M reads). Base-
calling for all libraries was done by the Guppy base calling software 
3.3.3, using the MinKnow program with the “high accuracy” option. 
Raw reads were obtained in FAST5 and FASTq formats from which 
“pass” quality reads were subjected to further analysis. All Nanopore 
MinION filtered reads analyzed in this project were deposited in the 
NCBI SRA database1 under BioProject PRJNA795711 (accession 
numbers: SRX13680174-97).

Sequence analysis and bioinformatics

Processing and analysis of reads was performed using 
MetONTIIME pipeline and QIIME2 plugins (Bolyen et al., 2019). 
Reads were demultiplexed and adaptors and PCR primers were 
trimmed. Sequences were filtered based on nanopore read quality 
(min_quality; 8), and read length was restricted (amplicon_length X, 
lenfil_tol Y) based on read length histograms, to give the range of 
1,200–1,600 nucleotides. Clustering and taxonomic classification was 
performed separately for each barcode. Sequences were clustered into 
consensus sequences with default MetONTIIME pipeline parameters 
(de novo strategy, clustering threshold parameter perc-identity 1). 
Consensus sequences of the 16S rRNA genes were compared to the 
Silva132 database (Quast et  al., 2013) using BLAST with 80% 
similarity threshold to generate operational taxonomic units (OTUs). 
The featured tables were imported into R using phyloseq (R Core 
Team, 2018). Alpha diversity was estimated by richness (observed 
Operational Taxonomic Units (OTUs)) and with Shannon diversity 
indexes using phyloseq (McMurdie and Holmes, 2013). After alpha 
diversity analysis, OTUs with a total abundance of 1 were excluded 
and the remaining OTUs were normalized to relative read abundance 

1 https://www.ncbi.nlm.nih.gov/sra

(dividing the number of reads for each sample by the total reads 
count). All further analyzes were based on relative read abundance. 
Phyloseq (McMurdie and Holmes, 2013) was used to perform 
principal coordinates analysis (PCoA) with Bray–Curtis distance 
matrix to visualize multivariate structures of the communities. All 
other microbiome taxonomic composition analyzes were done using 
MicrobiomeAnalyst (Chong et al., 2020). Permutational multivariate 
analysis of variance (PERMANOVA) was implemented to identify 
significant differences between the tested groups (location/season). 
‘DESeq2’ was used to find differentially abundant taxa between 
samples with a cut-off of adjusted value of p <0.05.

Results

Environmental parameters and 
microplastic profiles of the Yarkon 
(Mediterranean Sea) and Sado (Atlantic 
Ocean) collection sites

The basic water parameters at the time of sampling and the 
physical characteristics of the sampled microplastics from the Yarkon 
and Sado collection sites were compared between contrasting seasons. 
The water temperature and salinity during winter collections were 4.3 
degrees and 5.2 practical salinity unit (PSU) higher in Yarkon, 
compared to Sado, and 11.8 degrees and 2.5 PSU higher during 
summer collections (Table  1). Between seasons, the temperatures 
varied in the Yarkon site (±10.2 degrees) and were less variable in the 
Sado site (±2.7 degrees). Salinity had the opposite trend and was less 
variable in the Yarkon site (±0.1 PSU) when compared to the Sado site 
(±0.6 PSU).

The winter samples from the Yarkon, and all the samples from 
Sado contained similar concentrations of microplastic particles 
(between 0.04 and 0.08 particles m−3 on average), whereas the summer 
Yarkon samples contained significantly higher (p-value <0.05) 
microplastic particles concentrations (112.59 particles m−3 on average; 
Table  1; Supplementary Table S2). The color composition of the 
microplastic also varied between locations; Yarkon samples contained 
microplastic particles that were mostly white or transparent in both 
seasons, whereas the Sado samples showed higher diversity of colors 
with blue and green being the most abundant colors (Figure  2A; 
Supplementary Table S3). Differences between seasons were also 
found. Blue, green and brown microplastic particles were found in the 
winter samples and were absent from the summer samples from 
Yarkon. On the other hand, the Sado summer samples contained 
black microplastics and did not contain blue microplastics, opposite 
to the Sado winter samples. The most common shapes of plastic 
particles in both sites were fragments, however other typologies were 
found in variable abundances (Figure 2B; Supplementary Table S4). 
Samples from Yarkon registered a significantly higher percentage of 
films (p-value = 0.006; 37.8%), particularly during winter. On the 
other hand, Sado samples contained higher percentages of filaments 
(19.8–23.6%) as well as higher percentages of sponge/foam and pellets 
during the winter (11.1 and 5.6% respectively). Of the 854 potential 
plastic particles that were identified by a stereoscope, 252 polymers 
were analyzed using FTIR (~29.5% of all potential plastics). All the 
particles analyzed were identified as synthetic polymers. The spectra 
of the six most common polymers identified are shown in 
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Figure 3A. PE was the most dominant polymer followed by PP or PS, 
depending on the location and season (Figure 3B). The Yarkon winter 
samples contained 21.4% of PS, which was absent from the summer 
samples, as well as higher percentages of thermoplastic elastomer 
(TPE; 7.1% vs. <0.5%) compared to the summer samples from the 
same location. The Sado winter samples contained higher percentages 
of PE (50% vs. 33.3% in the summer), PET (7.1% vs. 0% in the 
summer), and ethylene propylene rubber (EPR/EPM; 7.1% vs. 0% in 
the summer), whereas the summer samples consist of higher 
concentrations of PP (22.2% vs. 7.1% in the winter) and polyester 
(PES; 11.1% vs. 0% in the winter).

Location is the strongest source of 
microplastic microbiome variation 
followed by season

The nanopore sequencing run produced an average of 12,408 
reads per sample with an average read length of 1,388 bp and mapping 
rate of 99.5% (Supplementary Table S5). The community complexity 

analysis showed similar results for all samples in all of the alpha 
diversity indexes (richness and diversity; Supplementary Figure S2). 
On the other hand, the analysis of the diversity between samples (beta 
diversity) demonstrated a clear distinction (p-value ≤0.01), (mostly in 
component 1 which explained 24% of the variation) between the 
microplastic bacterial communities (circles) and those of the 
surrounding water (triangles; Figure  4A). The microplastic 
microbiome communities were further separated (p-value ≤ 0.01) 
according to location (Yarkon/Sado). A significant (p-value = 0.01) 
seasonal variation was observed only between summer and winter 
samples from Yarkon (Table 2).

To analyze the seasonal effect on the bacterial community 
composition in the Yarkon and Sado collection sites, PCoA analysis 
was separately performed for each location (Figures  4B,C). Both 
Yarkon microplastic and water samples clustered according to the 
seasons. Among the Sado samples (Figure 4B), the water samples 
showed high similarity (clustered) regardless of the season, whereas 
the microplastic samples were more variable (dispersed). In contrast, 
the water samples from Yarkon showed greater variation between 
seasons when compared with the microplastic samples.

A

B

FIGURE 2

Physical characteristics of the microplastic. (A) Plastic abundances by color in both locations and seasons. (B) Abundance of plastic types in both 
locations and seasons. Results are expressed in % of polymers relative to total microplastics analyzed.
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The plastisphere bacterial phyla

Proteobacteria and Cyanobacteria were the dominant phyla in the 
microbiomes of all samples (Figure 5). In general, the microplastic 
samples contained higher percentages of Cyanobacteria and lower 
percentages of Proteobacteria compared to the water samples. This 
could be seen most clearly in the Yarkon summer samples, with relative 
Cyanobacteria abundance of 49–69% in the microplastic samples, 
compared to only 7–16% in the equivalent water samples. Other 
differences in the phyla composition included higher percentages of 
Actinobacteria in the water samples, especially in the summer samples 

from Yarkon. Overall, the microplastic microbiome showed higher 
variability among repeats compared to the water samples. For example, 
the presence of Epsilonbacteraeota and Acidobacteria was observed in 
the Yarkon winter repeat 2 and Sado summer repeat 1, whereas all other 
samples contain low percentages of these phyla (Figure 5).

Is there a marine plastic microbiome core?

To further understand the taxonomic composition of the 
plastisphere microbiome across locations and seasons, we searched for 

A

B

FIGURE 3

Microplastic polymer composition. (A) Infrared spectra of the most common polymers from Yarkon and Sado (red) and their reference spectra (black): 
(i) blue and white fragment with PE spectrum (Yarkon summer); (ii) white and green fragment (Yarkon summer) with PP spectrum; (iii) iridescent glitter 
particle with PET spectrum (Sado winter); (iv) a foam particle with PS spectrum (Sado summer); (v) TPE fragment and its spectrum (Sado summer); (vi) 
an orange fragment with EPR/EPM spectrum (Yarkon summer). The y-axis corresponds to absorbance–A, and the x-axis to wavenumber (cm-1). 
(B) Polymers composition in Yarkon and Sado according to season. Results are expressed in % of polymers relatively to the total microplastics 
analyzed.
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a shared ‘core’ microbiome as well as for differentially abundant taxa. 
When comparing among samples with repeats combined, 
we identified 339 shared OTU in all microplastic samples compared 
with 252 in the water samples (Figures 6A,B). Of those OTUs, 93 were 
found in both cores and 246 OTUs that were specific to the plastic 
microbiome core. The plastic-specific 246 OTUs corresponded to 182 
database matches classified within 41 families.

The 10 top families (Figure 6C) corresponded to 80% of the core and 
included Rhodobacteraceae (27%), Sphingomonadaceae (21%), 
Phormidesmiaceae (7%), Alteromonadaceae (6%), Woeseiaceae (6%), 
Alcanivoracaceae (4%), Hyphomicrobiaceae (3%), Thiohalorhabdaceae 
(3%), Rhodobiaceae (2%), and Xenococcaceae (2%). Only 29 bacteria were 
identified at the species level, including 19 from the family 
Rhodobacteraceae, 6 from Sphingomonadaceae, 2 from Alteromonadaceae, 
one from Pseudomonadaceae, and one from Hyphomonadaceae 
(Supplementary Table S6). All of the 29 identified species were typically 

rare with mean relative abundance of 0.01–0.06%. The species with the 
highest mean relative abundance was Roseovarius aestuarii with 0.21% of 
the total reads that reached as high as 0.42% in Israeli summer. When 
comparing all sample repeats without combining them together, we did 
not find any shared plastic-specific OTUs. This agrees with the low 
abundance of the bacteria that were found in the above comparison.

We further looked into the taxa that were differentially abundant 
on the collected microplastic in either Yarkon or Sado sampling sites 
and identified 14 genera and 11 species that were significantly 
enriched in one location over the other. The genera Acrophormium 
PCC-7375, Parvularcula, Filomicrobium, and Alcanivorax were more 
abundant in Yarkon (Israel), while the genera Pseudoalteromonas, 
Alteromonas, Jannaschia, Dokdonia, Palleronia, Fulvimarina, 
Polaribacter, Rubrivirga, Psychrosphaera, and Olleya were more 
abundant in Sado (Portugal) (Figure  7; Supplementary Table S7). 
Among the species identified, only one species, Loktanella sp. S4079, 

A

B C

FIGURE 4

PCoA plot of the Bray-Curtis dissimilarities among the 16S-based microbiomes of the samples (Beta diversity, N = 3 per treatment). (A) Diversity among 
all samples. (B) Diversity among Sado samples. (C) Diversity among Yarkon samples.
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was enriched in Yarkon, while the rest, including: Alteromonas 
genovensis, Xenococcaceae cyanobacterium CENA315, Jannaschia 
faecimaris, Fulvimarina pelagi, uncultured gamma proteobacterium 
CHAB IV 34, Dokdonia sp. PRO95, Loktanella sp. S4079 and three 
species of Pseudoalteromonas (BSw20060, 13–15 and Arctic P16) were 
enriched in Sado (Supplementary Table S7).

Potential pathogens

The proximity of the chosen sampling sites to major river estuaries 
(Yarkon and Sado) enabled us to examine the effect of terrestrial 

anthropogenic contaminations. We  found that the microplastic 
samples carried potentially pathogenic bacteria, including of the 
Escherichia-Shigella, Vibrio, Salmonella, Shewanella, Pseudomonas, 
Colwellia, and Aeromonas genera (Figure  8). Significantly higher 
abundance of Escherichia-Shigella genus was identified in the Sado 
summer microplastic samples compared to the other locations and 
seasons (Figure 8).

Discussion

In this study, we  analyzed and compared the physical and 
biological composition of microplastics collected from the 
Mediterranean Sea (Israel) and the Atlantic Ocean (Portugal) in two 
opposing seasons–summer and winter. The two locations chosen for 
this study were both in proximity to a river estuary (Yarkon in Israel 
and Sado in Portugal) where terrestrial inputs of plastic are expected 
to be  the highest. Overall, our results suggest that the plastic 
microbiome is primarily affected by location and to a lesser extent by 
the season. The drivers for the geographical segregation are the 
parameters that vary between the sites, including the microplastic 
composition and the environmental biotic and abiotic conditions as 
well as anthropogenic influences. Two of the most important abiotic 
factors that may affect the plastisphere microbiome are temperature 
and salinity. Temperature and salinity are known to affect biofilm 
growth and diversity (Li et al., 2019, 2020). For example, warmer 
waters and higher salinity have been reported as important drivers of 
plastic-specific communities (Oberbeckmann et  al., 2018). The 
differences in temperature and salinity may also be key drivers for the 
changes in the microbiome composition observed between the 
seasons (Pinnell and Turner, 2020; Zhang et al., 2021). Indeed, a bigger 
difference in the microplastic microbiome composition between 
winter and summer was observed in Yarkon, where seasonal difference 
in temperature was more than 10°C. A significant difference in 
microbiome composition between winter and summer was not seen 
in Sado, which suggests the influence of seasonal changes can vary 
depending on location. Other environmental parameters associated 
with seasonal changes include light intensity and the availability of 
nutrients (Pinto et  al., 2019; Amaral-Zettler et  al., 2020; Roth 
Rosenberg et al., 2021). Nutrient concentrations were not measured 
but also may have contributed to plastic specificity as it has been 
shown that low nutrient levels trigger surface attachment for many 
bacterial species (Stanley and Lazazzera, 2004; Oberbeckmann et al., 
2018). Previous studies along the Israeli coast reported the lowest 
macronutrient concentrations in July (Roth Rosenberg et al., 2021).

Although it seems that environmental factors have the strongest 
influence on the plastisphere microbiome, another contributing factor 
may be the concentration and composition of the microplastic itself. 
Overall, the microplastic concentrations were similar among samples 
with the exception of the Yarkon summer samples (112.59 particles 
m−3). This significantly higher concentration is an outlier, as the 
average microplastic concentrations along the Israeli coast were 
reported to be 7.68 ± 2.38 particles m−3 (van der Hal et al., 2017). A 
similar outlier was recorded during the drier summer season in Neve 
Yam, Israel (324.1 particles m−3; van der Hal et al., 2017), which is 
located on the same coastline as our sampling spot near Yarkon 
estuary. These outliers in plastic concentrations may reflect patchiness 
in the distribution of plastic particles along the Israeli coast due to its 

TABLE 2 P-values of PERMANOVA comparisons performed on bacterial 
communities.

Factor P-value

Sample 0.001

Water Location* 0.003

Season** 0.116

Plastic Location 0.003

Season 0.050

Location 0.001

Yarkon Sample*** 0.002

Season 0.011

Sado Sample 0.002

Season 0.107

Season 0.094

Significant results are emboldened (p < 0.05). * Yarkon vs Sado sites, ** winter vs summer. 
*** Water vs plastic.

FIGURE 5

Relative abundances of the top 10 phyla in the microplastic and 
water samples from the Yarkon and Sado divided by seasons 
(S = summer, W = winter). P1-P3 represent repeats of the plastic 
samples, W1-W3 represent repeats of the water samples.
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unique geomorphology or local factors such as wind, swell, and 
currents causing its accumulation in specific areas. In Portugal, a 
recent study reported microplastic concentrations of 0.45 ± 0.52 
particles m−3 in Arrábida and Setúbal coastal area (Rodrigues et al., 
2022) that are proximal to Sado estuary. These concentrations are 
higher than those documented in our study near Sado estuary of 
0.04 ± 0.02 particles m−3 and 0.08 ± 0.04 particles m−3 during summer 
and winter, respectively. The abundance of microplastics along the 
Portuguese coast, may be affected by the oceanographic characteristics 
of the western Iberian coast, such as seasonal upwelling, river plumes 
and currents of the Iberian Pole (IPC) and the Portugal current 
(Santos et al., 2011; Alves and Miranda, 2013).

Plastic particle colors varied between both locations and 
seasons. In Yarkon collection site the colors of plastics were more 
diverse during summer when compared to winter. In both seasons 
the predominant colors were transparent (37.4% in summer and 
62.2% in winter) and white (25.8% in summer and 35.6% in winter). 
The predominance of light colors was also recorded by Van der Hal 

et al. (2017) along the Israeli Mediterranean coast in both summer 
and winter and by Marrone et al. (2021) in the central part of the 
Mediterranean Sea. In contrary to the microplastic color 
distribution in Yarkon samples, in the Sado samples the green 
particles (32.54%) were the most abundant in the summer; and the 
blue particles (29.23%) were the most abundant in the winter. 
Delacuvellerie et al. (2022) suggest that the color and size of plastics 
collected from the environment do not influence the bacterial 
biofilm structure. However, in an incubation experiment, Wen et al. 
(2020) showed clear separation between plastisphere communities 
on three colors of microplastics. The effect of the color on the 
microbiome composition may be  due to light availability 
determined by a specific pigment or due to the chemistry of the dye 
material itself. Most polymer types have a number of different 
additives, including dyes, that are not covalently bound to the 
plastic and so leach out into the environment during aging reviewed 
in (Hahladakis et  al., 2018) which can be  an additional factor 
effecting the microplastic biome.

A

C

B

FIGURE 6

Plastic microbiome ‘core’. (A) Shared and unique OTUs among the locations and seasons for water and (B) plastic samples. (C) Microbial composition 
of the ‘core’ plastisphere microbiome at the family level (based on 246 of the 339 ‘core’ OTUs that were not found in the water ‘core’).
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The most common plastic debris shapes in both locations were 
fragments. The predominance of fragments in both seasons in Yarkon, 
agrees with the most frequently found typologies along the 
Mediterranean coast of Israel (93.6–97.7%; van der Hal et al., 2017), 
Mediterranean basin (87.7%; Cózar et al., 2015) and in open and 
coastal waters of the eastern Mediterranean Sea (including the Ionian 
and Levantine seas; 50–60%; Adamopoulou et al., 2021). The high 
percentage of films documented in the winter (37.78%), can 
be explained by the faster degradation of plastic bags and packaging, 
which is considered their main source (Marrone et al., 2021). The 
same was observed for Sado, where fragments predominated during 
summer (63.49%) and winter (76.34%), which is in agreement with 
samples from the North East Atlantic (63%) and from Arrábida and 
Setúbal (Rodrigues et al., 2022).

The most abundant polymers identified in both locations were PE, 
PP, and PS, that are also the polymer types with the highest demand in 
Europe in 2019 and 2020 (Plastic Europe, 2021) and the most abundant 
in aquatic environments (Erni-Cassola et al., 2019). These polymers 
which are predominant in the upper layers of the water column 
(Andrady, 2011; Erni-Cassola et al., 2019) have lower densities than 
seawater, ranging from 0.89 to 0.98 g cm−3 (Zhou et al., 2021). In this 
study the microplastic debris were collected from the water surface 
where these floating polymers are abundant (Pasquier et al., 2022). 
Although PET buoyancy is usually negative and therefore it is expected 
to be found in the sediment (Lenaker et al., 2019), its appearance in the 
Portugal winter samples may be due to the heavy rainfall, typical to this 
season, that may lead to strong currents and the uplifting of sediment. 
Moreover, land-based polyester fibers, which were also identified in the 
samples, may arrive to the sea from wastewater or water run-offs and 
may not be heavy enough to break the surface tension of the water. The 
prevalence of PE, PP and PS polymers in Yarkon, is in line with reports 
from the Ionian, Aegean, and Levantine Seas (Adamopoulou et al., 
2021), central Mediterranean Sea (Marrone et  al., 2021) and other 
Mediterranean Sea studies (Suaria et al., 2016; Sharma et al., 2021). 
Similar to Yarkon, PE and PP polymers were also the most common in 
Sado, which agrees with studies in Arrábida and Setúbal (Rodrigues 
et al., 2022). The plastic polymer type is not considered a major factor 
that is affecting the plastisphere microbiome in the natural environment 
(Oberbeckmann et al., 2018; Laverty et al., 2020). However, short-term 
incubation studies have shown that some bacteria have a significant 
preference toward specific plastic polymers (Marsay et al., 2022).

Additional anthropogenic factors may influence the composition of 
the plastisphere microbiome, especially in proximity to estuaries. In this 
study, we analyzed the relative abundances of seven microbial genera that 
include strands associated with human diseases. The most prominent 
among them were Escherichia-Shigella, Vibrio, and Colwellia that were 
relatively more abundant in the Sado samples compared to those collected 
in Yarkon. Escherichia-Shigella genus is often associated with human and 
animal pathogens and considered an indicator of fecal contamination 
(Garcia-Aljaro et al., 2019). The relative abundance of Escherichia-Shigella 
was significantly higher in Sado during summer compared to the winter 
and to Yarkon which may be related to either differences in river/runoff 
flows or in waste water inputs. We would like to note that with the 
absence of other assays to test virulence, presence of relevant genes or 
toxins, this kind of analysis is not sufficient to draw any conclusions on 
the pathogenicity of the mentioned genera. However, the analysis 
provides us with yet another evidence for the role of marine microplastic 
as a stable vector for anthropogenic biological contaminations.

To understand the extent of geographical and seasonal variability 
in the plastisphere composition in this study, we further investigated 
the taxonomic content of the plastisphere microbiome using MinION 
nanopore sequencing platform and a tailored bioinformatics pipeline. 
We  previously demonstrated that this method provides high-
resolution taxonomic data, often up to the species level (Davidov et al., 
2020). At the phylum level, Cyanobacteria were highly enriched on 
the microplastic surfaces compared to the surrounding water while 
Proteobacteria showed the opposite trend. As photosynthetic bacteria, 
Cyanobacteria may benefit from constant higher sunlight exposure 
when attached to floating plastic debris. This trend was especially 
noticed in the Israeli summer, which is characterized with clear sky 
and increased sunlight radiation. Similar to our results, Cyanobacteria 

FIGURE 7

Genera in the plastic samples with significant higher relative mapped 
read abundance in one location over another (threshold–adjusted 
value of p (FDR) of <0.05). S = summer, W = winter.

FIGURE 8

Relative abundances of potentially pathogenic genera in the 
microplastic samples from Yarkon and Sado in winter (W) and 
summer (S). Significance was assessed using 2-way ANOVA. N = 3. 
p = <0.0001.
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were previously recorded to be dominant on marine microplastics 
(Bryant et al., 2016). In contrary, Actinobacteria and Verrucomicrobia 
were more abundant in the water samples compared to the 
microplastic samples (Wright et al.,2020).

One of the questions addressed in this study is the the existence 
of a common plastisphere microbial ‘core’. It has been proposed that 
the ‘core’ microbiome differs depending on season, geography, plastic 
type (Kirstein et al., 2018; Roager and Sonnenschein, 2019; Amaral-
Zettler et al., 2020), or biofilm development stage (Tu et al., 2020). 
Moreover, the identification and characterization of such a ‘core’ is 
dependent on its definition. When searching for shared plastic-
specific OTUs with three repeats combined (pooled) for each location/
season, we identified as many as 246 OTUs that corresponded to 182 
species/strains that were classified within 41 families. However, when 
regarding each of the repeats as a separated sample, we did not find 
even one shared OTU. This result is similar to a previous report that 
showed that no ASVs were shared among all plastic samples between 
locations near cities on the west and east of Italy (Basili et al., 2020). 
Another study that found a “core” plastic microbiome containing only 
26 shared OTUs reported very low relative abundances for these 
strains (<0.1%; Scales et  al., 2021). At higher taxonomic levels, 
different studies find different families or genera depending on the 
environment or the method used to establish a ‘core’ (De Tender et al., 
2017; Jiang et al., 2018; Kesy et al., 2019).

When searching for differentially abundant low-level taxa between 
locations, we identified 10 genera that were significantly enriched in 
Sado Vs. only 4 that were enriched in Yarkon. Among the latter, it is 
noteworthy to mention the genus Alcanivorax that showed high 
abundance in all of the Yarkon repeats and was also identified in lower 
abundance in Sado summer samples, suggesting that this genus is 
favorable of higher temperatures. In two separated incubation 
experiments, we previously identified substantial Alcanivorax presence 
in association with PE surfaces (Davidov et al., 2020; Marsay et al., 
2022). Alcanivorax species are well-known degraders of alkanes and 
petroleum (Hara et  al., 2003). It was also recently shown that 
Alcanivorax sp. 24 species is able to break-down weathered low-density 
PE and use it as a nutritional carbon source (Zadjelovic et al., 2022). 
There was an oil spill that polluted Israel’s coast at the end of February 
2021. However, our sampling took place in the middle of July 2021 
almost 5 months later, and therefore, we assume that the results are not 
directly affected by this local event.

Supported by previous studies, the results of this study suggest 
that although different plastispheres share common features, the 
microbial content varies greatly according to the geographic location, 
biotic and abiotic conditions in the marine environment and local 
anthropogenic factors, and therefore may contain a very limited 
microbiome “core.” In that sense, it may be more accurate to perceive 
the plastisphere as multiple different ecosystems rather than a single 
one. Accordingly, additional knowledge may be gained by further 
exploring the plastisphere in different geographical locations and 
climates with seasonal sampling that is repeated over more than 1 year.
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