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Periphyton is a freshwater biofilm composed of prokaryotic and eukaryotic communities that occupy rocks and sediments, forming the base of the food web and playing a key role in nutrient cycling. Given the large surface that periphyton comprises, it may also act as a sink for a diverse range of man-made pollutants, including microplastics (MP). Here we investigated the effect of 1–4 μm and 63–75 µm sized, spherical polyethylene MP with native and ultraviolet (UV)-weathered surface on developing natural stream periphyton communities over 28 days. In order to ensure proper particle exposure, we first tested MP suspension in water or in water containing either Tween 80, extracellular polymeric substances – EPS, fulvic acids, or protein. We found the extract of EPS from natural periphyton to be most suitable to create MP suspensions in preparation of exposure. Upon exposure, all tested types of MP were found to be associated with the periphyton, independent of their size and other properties. While biomass accrual and phenotypic community structure of the photoautotrophs remained unchanged, the prokaryotic and eukaryotic communities experienced a significant change in composition and relative abundances. Moreover, alpha diversity was affected in eukaryotes, but not in prokaryotes. The observed changes were more prominent in periphyton exposed to UV-treated as compared with native surface MP. Mechanical properties, as assessed by compression rheology, showed that MP-exposed periphyton had longer filamentous streamers, higher stiffness, lower force recovery and a higher viscoelasticity than control periphyton. Despite the observed structural and mechanical changes of periphyton, functional parameters (i.e., photosynthetic yield, respiration and nutrient uptake efficiencies) were not altered by MP, indicating the absence of MP toxicity, and suggesting functional redundancy in the communities. Together, our results provide further proof that periphyton is a sink for MP and demonstrate that MP can impact local microbial community composition and mechanical properties of the biofilms. Consequences of these findings might be a change in dislodgement behavior of periphyton, a propagation through the food chains and impacts on nutrient cycling and energy transfer. Hence, taking the omnipresence, high persistence and material and size diversity of MP in the aquatic environment into account, their ecological consequences need further investigation.
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INTRODUCTION
Microplastics (MP) are solid particles of polymeric matrix in the size range of 1 μm–5 mm. They are either intentionally produced (primary MP) for use, for example, in cosmetics and paints, or are generated as secondary MP from fragmentation of larger plastic debris, for example, by UV-oxidation, mechanical abrasion and/or biodegradation (Verschoor, 2015; Frias and Nash, 2019). Despite a persistent lack of standardized MP identification and quantification methods, which hampers comparability among data sets (Shim et al., 2017; Abdolahpur Monikh et al., 2022), many monitoring studies showed the ubiquitous abundance of MP in different environments. For instance, MP have been detected in freshwater (Li et al., 2018), marine (Galloway et al., 2017), and terrestrial environments (Rillig and Lehmann, 2020) and found to enter even the most remote areas (e.g., Alps, arctic (Bergmann et al., 2019), and deep-sea sediments (Van Cauwenberghe et al., 2013). However, impacts of the presence of MP on environmental and ecological processes remain largely unresolved (Ockenden et al., 2021).
MP reach the aquatic environment via aerial deposition, storm water runoff or wastewater treatment plant effluents (Horton and Dixon, 2018). Once in rivers and streams, MP can be retained in the river bed (Hurley et al., 2018) by entering the hyporheic zones (Drummond et al., 2020) and concentrating in stream biofilms (Huang et al., 2021). Such biofilm communities, also known as periphyton, are complex mixtures of prokaryotes and eukaryotes, including microalgae, cyanobacteria, and heterotrophic microorganisms, attached to submerged surfaces. Indeed, Sgier et al. (2016) detected MP in periphyton downstream of a wastewater treatment plant when examining stream biofilm composition using individual cell-based analysis. Yet, little is known about the interaction of MP and periphyton despite its importance as the base of the food web (Guo et al., 2022), nutrient cycling (Battin et al., 2003; Battin et al., 2016), and its role as early warning systems for contamination detection (Montuelle et al., 2010). The only prior study to examine the interactions of MP and periphyton reported negligible effects on certain periphyton parameters in short-term (3 h) exposures: chlorophyll a, photosynthetic yield, extracellular enzymatic activity of ß-glucosidase, leucine aminopeptidase, alkaline phosphatase (Miao et al., 2019). Only plastic particles in the nanosize (NP) in a high concentration (100 nm, 100 mg L−1) led to a decrease of chlorophyll a content and the activity of ß-glucosidase and leucine aminopeptidase, and induced oxidative stress (Miao et al., 2019). However, there are no reports on effects of MP on periphyton following long-term exposures, as was highlighted also by a recent review (Kalčíková and Bundschuh, 2021).
Peripyhton organisms form complex three-dimensional structures embedded in a matrix of extracellular polymeric substances (EPS) (Lock et al., 1984). These polymeric substances may aid in suspending MP (Balakrishnan et al., 2019). Next, MP can interact with periphyton organisms. Thus far, effects on periphyton communities are unknown; however, results from studies with microalgae showed lower growth rate (Yang et al., 2020) and photosynthetic efficiency (Mao et al., 2018) with decreasing MP size suggesting MP size as an important parameter ruling MP-cell interactions. Moreover, considering that the surface of MP can serve as a substrate or attachment of microorganisms (Zettler et al., 2013; McCormick et al., 2014), MP can be hypothesized to affect periphyton community composition by selecting for specific taxa. MP surface characteristics, for example, weathering state and with this hydrophobicity and roughness, have been also shown to impact the attachment of microorganisms (Kelly et al., 2020; Rummel et al., 2021). Different surface properties may therefore influence community composition differently. Finally, it can be envisioned that MP, when incorporated into periphyton, affect the mechanical properties of the biofilm, such as its stiffness and viscoelasticity. Both these properties are related to biofilm architecture. Architecture is defined by a base (substrate attached) and a streamer (floating in the water column) zone (Besemer et al., 2009), both of which comprise important factors for how periphyton breaks up and disperses under perturbations (Lopez-Sanchez et al., 2014; Battin et al., 2016).
In the present study, we set out to examine the interaction of MP with periphyton growing over 28 days from microorganisms stemming from a natural stream. Maturing periphyton was exposed to spherical polyethylene (PE) MP of two different size ranges (1–4 μm and 63–75 µm in diameter), in native and UV-weathered (aged) forms. Dispersion experiments identified EPS to be the most suitable to maintain a relatively homogeneous particle suspension for subsequent exposure experiments of the biofilm. At three time points, peripyhton structural (community composition and abundance of its members), functional (photosynthetic yield, respiration, nitrogen uptake rates), and mechanical (stiffness, viscoelasticity) properties were measured. This is the first long-term periphyton-MP interaction study revealing a variety of structural and mechanical changes in the periphyton while functional properties were found to be maintained.
MATERIALS AND METHODS
Materials
Three spherical MP particle types were purchased from Cospheric (United States) as dry powder with characteristics and terminology as shown in Table 1. MP size ranges were selected to be either similar/smaller (sMP, rMP) or bigger (bMP) than periphyton organisms (Supplementary Figure S1). Fulvic acids (Suwannee River I standard) were purchased at the International Humic Substances Society (United States). All other chemicals were purchased from Sigma-Aldrich (Buchs SG, Switzerland) unless indicated otherwise.
TABLE 1 | Physical and chemical properties of the microplastic particles (MP) used in this study.
[image: Table 1]MP Aging, Dispersion, and Characterization
The surface of both smaller (sMP) and bigger (bMP) was altered by UV irradiation in closed glass Petri dishes placed in a weathering chamber (Q-Sun XE-3 Xenon Test Chamber, Q-Lab, Germany). The weathering chamber was equipped with a Xenon light source with a power of 0.55 W m−2 and a wavelength of 340 nm. UV irradiation was stopped after considerable surface changes were observable by electron microscopy (1248 h of UV irradiation). UV exposure lasted 1248 h at 65 ± 3°C (black standard temperature for polymers). To maintain humidity in the dishes, MP were moistened once a week with deionized water. In the following, sMPaged and bMPaged refers to the UV-treated sMP and bMP (Table 1).
The effect of UV exposure on sMP and bMP surface structure was characterized by scanning electron microscopy (SEM) and attenuated total reflectance Fourier transform infrared (ATR-FTIR) measurements. The SEM images were taken using an ULTRA 55 (Carl Zeiss SMT) microscope. An accelerating voltage of 2 kV was applied. The ATR-FTIR measurements were performed using a Cary 640 FTIR spectrometer (Agilent) with a diamond ATR accessory type IIa synthetic diamond crystal (penetration depth of ∼2 µm). The spectra were recorded in a frequency range of 4000–600 cm−1 with a spectral resolution of 4 cm−1. A total of 128 scans were co-added for every spectrum. The background was measured with the same settings against air. The spectrometer was controlled by Agilent Resolutions Pro software 5.2.0.
With the objective to disperse MP in aqueous solution, different suspension agents were tested for their ability to suspend and stabilize the particles in water: Tween 80 (0.01% w/w), bovine serum albumin (BSA, 5 mg mL−1), starch (5 mg mL−1), standard fulvic acids (FA, 40 mg mL−1), and an extract of periphyton extracellular polymeric substances (EPS, for isolation see section on Periphyton colonization and EPS extraction below) (Supplementary Figure S2). Briefly, 18 mg of bMP, and 10 mg of sMP and rMP were weighted into a 20 mL glass vial, and 10 mL of the respective medium was added to bMP and sMP. For rMP, only EPS extract was tested. The respective vials were sonicated for 30 s in an ultrasonic bath (45 kHz, 60 W, VWR Ultrasonic Cleaner) and vortexed. The vials were then sampled (20 µL) in reposing state at a fixed height after 10, 30, 60, and 300 s. To determine the MP behavior after a longer period, rMP concentrations in the EPS-derived suspensions were additionally measured after 15 and 80 min. To quantify the particle concentrations in the subsamples, two different instruments were used to account for the size restrictions of the respective hardware: a CASY cell counter Model TT (Roche 468 Innovatis AG) was used for sMP and rMP (smaller size range) while a Multisizer II (Beckmann Coulter, Fullerton, CA, United States) was used for bMP (larger size range). Since the resulting suspensions contained visible aggregates sticking to the glass walls of the vials, we calculated MP dispersion as the percentage of the initially weighted number of MP. Results showed that in all suspensions, no more than 12% of sMP and rMP and 36% of bMP of the initially weighted particles were dispersed (Supplementary Figure S2). Overall, EPS yielded the best dispersion in terms of % MP over time and was therefore used for all exposure experiments.
Periphyton Colonization and EPS Extraction
For the 1) inoculation of the MP exposure experiments and 2) the extraction of EPS as medium for MP suspensions, periphyton was grown from a natural stream water as described previously by Gil-Allué et al. (2015). Briefly, water from the Chriesbach in Dübendorf, Switzerland, was pumped through indoor, flow-through channels that held 80 microscope slides (76 × 26 mm) in vertical direction aligned with the water flow. After 21 days, the colonized slides were sampled and periphyton was scraped off the slides and transferred into a glass beaker (250 mL).
To create the stock suspension for the inoculation of the microcosms (see section on Design of exposure experiments below), periphyton was suspended in synthetic freshwater medium that was designed to closely mimic creek water elemental composition (PERIQUIL, Supplementary Table S1; Stewart et al., 2013). Periphyton concentration was adjusted to an optical density (OD) of 4 at a wavelength of λ = 645 nm (Cary 100 Thermo Fisher spectrophotometer, Kontron Instruments, Basel, Switzerland).
For the extraction of EPS, periphyton of three glass slides was dispersed in 3 mL of 2 mM sodium hydrogen carbonate, sonicated for 30 s in an ultrasonic bath, before adjusting the OD to four. Subsequently, this periphyton suspension was centrifuged at 1880 x g for 10 min and the supernatant filtered (0.2 µm pore size, Whatmann) into a sterile Falcon tube as previously described (Stewart et al., 2013). The remaining periphyton pellet was again suspended in 3 mL of 2 mM sodium hydrogen carbonate, sonicated, and centrifuged as described above. The supernatant of the second extraction step was filtered via 0.2 µm filters into a sterile Falcon tube. This suspension is subsequently referred to as “EPS”. The periphyton stock suspensions as well as the EPS were prepared freshly from the same periphyton source just before use in the exposure experiments (see below: Design of exposure experiments).
Design of Exposure Experiments
In three independent experiments, we grew periphyton in microcosms in the presence of sMP/sMPaged (Experiment 1), bMP/bMPaged (Experiment 2), and rMP (Experiment 3, Figure 1). Experiments 1, 2 aimed to characterize and quantify the effects of MP with native and UV-treated surface on the developing periphyton, and hence periphyton community structure (phenotypic composition, 16S and 18S community composition) and function (photosynthetic yield, respiration, nutrient uptake rates) were measured. Experiment 3 aimed to evaluate the effect of MP on the mechanical properties of the mature periphyton. All exposure experiments were carried out in glass microcosms (210 × 150 × 70 mm) that were filled with 500 mL PERIQUIL. For Experiments 1, 2, each microcosm was loaded with 12 clean glass slides (76 × 26 mm, Schott). Each treatment was replicated five times. For Experiment 3, microcosms were loaded with three glass slides and each treatment replicated three times. To start the experiments, microcosms were inoculated with periphyton stock suspension and the respective MP (see below). The MP concentrations were chosen so as to provide comparable plastic surface areas in each experiment.
[image: Figure 1]FIGURE 1 | Overview of the study design, including indication on MP characteristics used in each experiment and measured variables.
Microcosms of Experiment 1 were inoculated with 10 mL of a freshly prepared periphyton stock suspension (obtained after colonization in the flow-through channels as described above) and 1 mL of either sMP or sMPaged stock suspension (1 mg mL−1) in EPS, resulting in 2 μg mL−1 MP in the microcosms. This concentration leads to a total MP surface of 8.0 × 106 μm2 within each microcosm, assuming smooth particle surface. Those values reflect the nominal concentrations, and exposure concentrations are expected to be lower due to the findings from the dispersion experiments (see: M&M, MP aging, dispersion, and characterization), which indicated lower concentrations of MP in dispersion than nominal concentrations because of agglomeration. Control microcosms received 1 mL EPS alone.
In Experiment 2, bMP or bMPaged were weighted into Erlenmeyer flasks and were dispersed in peripyhton stock suspension to a concentration of 1.4 mg mL−1. Then, the microcosms were inoculated with 10 mL periphyton-bMP and periphyton-bMPaged suspension resulting in 28 μg mL−1 exposure concentration in the microcosms. This concentration leads to a total MP surface of 3.0 × 106 μm2 within each microcosm, assuming smooth particle surface. Control microcosms were inoculated with 10 mL peripyhton stock suspension without bMP.
In Experiment 3, microcosms were inoculated with 10 mL periphyton and 1 mL of rMP stock suspension (1 mg mL−1) in EPS. Control microcosms received 1 mL EPS alone.
In each experiment, all microcosms were placed on a two-dimensional shaker at 18°C; a 12 h dark/light photoperiod was applied (LED light source). The experiments were run for 28 (Experiments 1, 2) and 21 (Experiment 3) days. After a 7 day period to allow periphyton to attach, medium was changed for the first time and then every 3 days in order to maintain nutrient levels (Gil-Allué et al., 2018). For this, the medium was taken out carefully using a syringe (50 mL), aiming to not disturb periphyton growth and to minimize the MP removal during water change. In order to compensate for the loss of dispersed sMP and sMPaged in Experiment 1, both were re-spiked to the microcosms after each medium change with concentrations similar as in the initial spiking. Re-spiking was not necessary in Experiments 2, 3 since the MP sedimented within 30 s (Supplementary Figure S2).
In Experiments 1, 2, periphyton was sampled for MP quantification and assessment of functional and structural parameters (see below) at day 7, 21, and 28 of exposure by randomly collecting three slides per microcosm. These sampling days were selected to cover microbial succession based on previous studies using the same experimental set up (Tlili et al., 2011b; Sgier et al., 2016). Periphyton was scraped off from each glass slide using a clean glass slide and samples from one microcosm were pooled and suspended in 13 mL PERIQUIL. After sampling the periphyton, the medium was collected from each microcosm and replaced by fresh medium to maintain nutrient levels. The collected medium was immediately filtered through a glass fiber filter (FVF, 0.7 µm nominal pore size, Whatmann) and stored at 4°C for the quantification of ammonium (N-NH4), nitrite (N-NO2), and nitrate (N-NO3) concentrations.
In Experiment 3, periphyton was sampled after 21 days. Periphyton of one of the three slides was scraped off and dispersed in 13 mL PERIQUIL as described above. From this suspension, rMP concentrations, periphyton dry weight, and photosynthetic yield were determined. The remaining two slides were used for rheological measurements.
MP Quantification
The number of sMP, sMPaged, and rMP in the periphyton were quantified using flow cytometry (FC, Beckman Coulter Gallios; capillary size: < 50 µm) combined with single-cell visualization by viSNE (visual stochastic network embedding) (Amir et al., 2013). ViSNE is a tool for nonlinear dimension reduction and visualization of high-dimensional data (e.g., FC data) and has been used earlier to determine the phenotypic community composition of phototrophs in periphyton (Sgier et al., 2016; Sgier et al., 2018b). The fluorescence and scattering properties of each cell and particle in the sample were measured individually and clustered into subpopulations following their similarities as described in Sgier et al. (2016). For these measurements, 3 mL of the periphyton suspensions from the exposure experiments were transferred into a Falcon tube (15 mL) and were sonicated for 1 min to break up the colonies. After filtration through 50 µm filters (Partec), samples were fixed (0.01% paraformaldehyde and 0.1% glutaraldehyde (w/v) in tap water) and left at 4°C overnight.
To identify the sMP, sMPaged and rMP particular fluorescence and scattering properties, suspensions (0.001 mg mL−1 in EPS) of each particle type were prepared. All samples were measured using the same laser settings as described by Sgier et al. (2016). The resulting FC data were then analyzed using the bh-SNE version of SNE (Amir et al., 2013; Van Der Maaten 2014), implemented as viSNE in cyt software (http://www.c2b2.columbia.edu/danapeerlab/html/cyt-download.html, downloaded in January 2015). The output is a 2D scatter plot (viSNE map) representing cells with similar fluorescence and scattering properties close to each other forming clusters, which are interpreted as subpopulations (Sgier et al., 2016; Sgier et al., 2018b). These allow to deduce, on the one hand, a phenotypic community composition (see section on Structural endpoints below). On the other hand, they allow to detect MP: the sMP/sMPaged exhibit a low fluorescence intensity at 695 nm, while rMP have high fluorescence intensity at 575 nm. These wavelengths were used to identify the sMP, sMPaged, and rMP in the viSNE maps resulting from the periphyton samples (Supplementary Figure S3). Respective clusters were quantified using Mat lab as previously described (Sgier et al., 2016). The method results in a relative abundance of MP compared with the total number of measured cells. The analysis of the data showed that with the applied laser settings, up to 0.2% of the measured cells fall into the MP cluster “false-positive” (Supplementary Figure S4) in the control treatment. This suggests a sensitivity for the detection of MP with the periphyton suspension of 80%. The 20% false-positive events have previously been determined as decaying, non-organic and not-assigned particles (see Supplementary Figure S23 in Sgier et al., 2016).
Inasmuch as bMP/bMPaged were too large (i.e., >50 μm) to be analyzed with FC and viSNE, they were counted visually, using a Neubaur chamber. Briefly, 10 µL of periphyton samples were pipetted onto the chamber, closed with a glass lid and examined using a microscope (DMI 6000 B, Leica). Results are represented as bMP and bMPaged per m2 glass slide surface.
To be able to compare exposure concentrations despite differences in MP quantification methods due to substantial size differences, we estimated the relative volume of sMP/sMPaged, bMP/bMPaged, and rMP in relation of periphyton volume (%). Equations are detailed in Supplementary Text S1.
Biomass Accrual and Microbial Structural Characteristics of Periphyton Upon MP Exposure
Periphyton biomass accrual (dry weight, DW) was determined by filtering 2 mL of periphyton suspension through pre-weighed glass fiber filters (GF/F, 25 mm diameter 0.7 μm average pore size; Whatman Ltd., Maidstone, United Kingdom). Filters were dried for 48 h at 60°C and weighted again to the nearest 0.01 mg. Dry weight was estimated as the mass difference between empty filters and dry filters and was reported per unit of surface area.
Phenotypic community composition of photoautotrophic organisms of Experiments 1, 2 was determined by analyzing the viSNE maps also used for sMP and sMPaged quantification (see above). In the viSNE maps, the subpopulations of interest were identified based on the visual separation between regions of the map and the distribution of the flow cytometry markers as previously explained (Sgier et al., 2018b). For quantification, number of the particles/cells that belonged to each subpopulation in each of the samples was counted.
Community structure (i.e., composition and relative abundance) of periphyton was also determined for prokaryotes (i.e., heterotrophic bacteria and phototrophic cyanobacteria) and microeukaryotes (i.e., green algae and diatoms) via amplification and sequencing of the16S and 18S rRNA genes, respectively. This was done in samples from Experiments 1, 2 at day 7 of exposure, considering that microbial composition and sensitivity to MP might be affected more strongly at early stages of colonization and development (Guo et al., 2015; Rummel et al., 2021). We applied amplicon sequencing at the MiSeq platform using a 2 x 300 bp kit. To do so, 1.5 mL periphyton suspension was transferred to 1.5 mL Eppendorf tubes and centrifuged at 13000 rpm for 10 min. The supernatant was discarded and the pellet stored at −80°C. DNA was extracted using MOBIO Biofilm DNA extraction kit (Quiagen) following the manufacturer’s instructions. Concentration and quality of the resulting DNA was checked with a Nanodrop 8000 Spectrophotometer. DNA extract was used for MiSeq sequencing when DNA:RNA ratio was ∼1.8.
The 16S and 18S regions were amplified using frameshift primers that resulted in 463bp and 558bp fragments, respectively (Supplementary Table S2). For the polymerase chain reaction (PCR), the appropriate annealing temperature and cycle number for each sample were previously determined using a gradient PCR and quantitative PCR approach. The final thermocycling conditions consisted of an initial denaturation of the DNA at 98°C for 3 min which was followed by 25 cycles of 98°C for 20 s, 55°C for 15 s, and 72°C for 15 s for the 16S primer set. For the 18S primers, amplification started with an initial denaturation of the DNA at 98°C for 3 min followed by 24 cycles of 98°C for 20 s, 56°C for 15 s, and 72°C for 15 s. Both programs were finalized with an elongation step at 72°C for 5 min. All reactions were performed in three technical replicates using KAPA HiFi HotStart ReadyMix, which includes the buffer, dNTPs, and the enzyme for the PCR reactions and 0.3 µM of each primer. PCR products were cleaned using AMPure beads (Beckmann Coulter). For MiSeq sequencing, the PCR products were indexed using Nextera XT index adaptors following manufacturer’s instructions. The resulting libraries were cleaned up and quantified using AMPure beads and the Spark fluorimeter following manufacturer’s instructions. The libraries were pooled to a final concentration of 4 nM using a pipette robot (Liquid Handling Station, Brand). After denaturation (0.2 N NaOH), the library was sequenced on an Illumina® MiSeq machine in a single flow cell in paired-end mode with 300bp-read-lengths. The sequences were deposited in the National Center for Biotechnology Information (NCBI) Sequence Read Archive database under BioProject ID PRJNA744749 (https://www.ncbi.nlm.nih.gov/bioproject/PRJNA744749).
The raw data were clustered into amplicon sequence variants (ASVs) using DADA2 (Callahan et al., 2016). The taxonomic affiliations of the ASVs were assigned using SILVA database release 138 (Quast et al., 2012). Subsequent analyses were conducted using R version 4.0.3 (R language core team 2021). Alpha diversities at each sampling site were estimated by Chao1 and Shannon indices using function estimate richness implemented in phyloseq 1.34.0 (McMurdie and Holmes, 2013). The variation of the p16S and 18S community composition in response to different treatments was analyzed by redundancy analysis (RDA) using the function capscale embedded in vegan 2.5-7 (Oksanen et al., 2013). The 16S and 18S ASV counts represented response variables while treatments were used as explanatory variables. The R code used for the analyses is available on Github at https://github.com/manutamminen/periphyton_microplastic_interactions.
Functional Characteristics of Periphyton on MP Exposure
N-NH4, N-NO2, N-NO3 concentrations in the medium were analyzed following standard colorimetric methods (APHA 2005) using a spectrophotometer (Cary 60, Alient) to derive the uptake rates (k) of ammonium (N-NH4), nitrite (N-NO2), and nitrate (N-NO3). These were calculated as the difference of nutrient concentration in the water column over the exposure time and expressed in mg day−1 using the following equation:
[image: image]
where t is time (in days), and c0 and ct are the concentrations of the nutrient at time zero and at the respective time point (i.e., time between medium changes). The 0.5 L represent the volume of the medium in the microcosms. Positive values indicate a net consumption and negative values indicate a net production of the respective nutrient.
Photosynthetic yield was assessed by measuring the quantum yield of photosystem II (ϕ′) with a a pulse-amplitude-modulated fluorimeter (PHYTO−PAM; Heinz Walz GmbH, Effeltrich, Germany) (Gil-Allué et al., 2015). Periphyton was acclimated for 15 min to ambient light conditions and measured subsequently. Quantum yield was calculated as follows:
[image: image]
with F`m being the background fluorescence and F`t the instantaneous fluorescence.
Respiration measurements were conducted using the MicroResp system according to Tlili et al. (2011a), which is based on a colorimetric method where color changes of a pH indicator dye are related to the release of CO2(g). A 500 μL periphyton suspension was used for the measurements. Incubations were carried out in triplicate in the dark to allow for the measurement of heterotrophic respiration. Absorbance of the detection gel was measured on a microplate reader (Tecan Trading AG, Männedorf, Switzerland). The average change in absorbance was normalized to the periphyton dry weight (DW) and expressed as mg CO2 per DW per day.
Mechanical Properties of the Periphyton Matrix
Compression rheology was used to measure mechanical properties and potential differences in architecture of periphyton matrix upon MP exposure in samples from Experiment 3 (rMP) (Lopez-Sanchez et al., 2014; Rühs et al., 2020). To meet the technical requirements of the rheometer (i.e., periphyton height > MP size), the measurements were exclusively carried out with periphyton containing MP in the smaller size range (1–4 μm, rMP, Table 1). The used glass slides were covered with intact, 21 days old periphyton. These were placed onto the rheometer (MCR502, Anton Paar, Austria), which was equipped with a sand blasted plate geometry to account for potential slip and increase attachment of the biofilm to the geometry. Axial compression measurements (using three technical replicates) with constant speed of 1 μm s−1 were carried out and stopped when a previously defined normal force (FN, expressed in N) compression of either 0.15 N or 1.5 N was reached. During this compression step (i.e., stress relaxation), an amplitude sweep was performed to measure the elastic (G′) and viscous (G″) moduli at a frequency of 1 rad s−1 and at strains of 0.01–100 % at a pre-determined compression (FN = 0.16 N).
The resulting compression curves were interpreted as follows: the top of the sample was reached as soon as the FN decreased below zero. When FN < 0 occurs, capillary forces predominate and pull the plate geometry of the rheometer toward the periphyton. When FN > 0 occurs, the geometry exhibits purely compression on the periphyton matrix. Under this compression regime, the water flows perpendicular to the direction of the applied compressive load across the periphyton matrix. The stiffness indicates the resistance that the water encounters by crossing the periphyton matrix and was calculated from the slope of the compression curves. The stress relaxation (force recovery) is the observed decrease of FN under fixed compression (i.e. 0,15 N or 1.5 N) and was calculated from the applied maximal FN divided by the FN after compression and expressed as (%). The dynamic yield point represents the strain needed to induce movement and potential displacement within the periphyton matrix and was determined as the crossover point between G′ and G″ from the strain-controlled amplitude sweeps measurements. In all measurements, the fluid movement was not constrained during compression and thus water could freely flow out of the sample. All measurements were done under ambient conditions.
Statistical Analysis
Differences between MP abundance in the periphyton over time were determined using one-way ANOVA. Differences between treatments over time for dry weight, respiration, photosynthetic activity, N-NH4, N-NO3 uptake rate and N-NO2 production rate were tested with mixed effect models with time and treatment as fixed value. Differences in algal community composition at phenotypic level (as measured by FC and viSNE data analysis) between treatments and time were analyzed using Adonis permutational ANOVA. The significance of the treatment effect on the 16S and 18S community composition was tested using permutational ANOVA. Differences among the treatments between relative abundances of the gene encoding for 16S and 18S ASV as measure of taxonomic community composition at day 7 were tested using a two-tailed t-test. All calculations were carried out in R (Version 3.6.1). p-values of ≤0.05 were considered significant.
RESULTS
MP Surface Characteristics After Aging
As evidenced by electron microscopy, MP exposure to UV radiation induced visible surface alterations with cracks as well as grained surface structures on both, sMP and bMP (Supplementary Figure S5). In addition, in the FTIR spectra of UV-treated MP, an absorption band at 1712 and 1715 cm−1 appeared. These wavenumbers are assigned as carbonyl stretching mode of ketone functional groups (Gulmine et al., 2003), suggesting an increase in their abundance upon UV exposure. However, the breadth of the adsorption band suggests that other carbonyl-containing groups might be also present. Other FTIR active modes remained unchanged (Supplementary Figure S6).
Experiment 1. Effects Of Smaller MP (1–4 µm) with Aged and Native Surface On Structure and Function Of Developing Periphyton.sMP and sMPaged represented 0.002% of the total volume of the periphyton at day 28 in each microcosm (for calculations, see Supplementary Text S2). The sMP abundance was measured by FC & viSNE data analysis. At all time points, the sMP to cell ratio was constant with an average of 0.86% and 0.70% of the cells counted by FC identified as sMP and sMPaged, respectively (Table 2). Considering the biomass accrual at the same time points (Figure 2A), this indicates a continuous incorporation of the small particles in the biofilm proportional to biomass increase. This was also highlighted by the fact that sMP and sMPaged relative abundance was not correlated with periphyton growth rate at different time points (Supplementary Figure S7).Periphyton grown in the presence of sMP and sMPaged developed constantly over the study period up to 14.16 g m−2 dry weight (Figure 2A), with time playing a significant role while sMP and sMPaged treatments having no significant effect (Table 3). Photosynthetic yield ranged from 0.40 to 0.49 from day 7–28 with lowest levels at day 21 (Figure 2B). Respiration increased significantly by a factor of 4 and 3.25, respectively, from day 7 to day 28 (Figure 2C). N-NH4 uptake rate decreased from 7 to 21 days and increased at day 28 (Figure 2D). N-NO2 uptake increased by an order of magnitude from day 7 to day 28 (Figure 2E). In contrast, N-NO3 uptake rate was negative and decreased by factor 5 suggesting increasing N-NO3 demand with increasing biomass (Figure 2F).Based on the FC & viSNE data analysis, 23 different phenotypic groups were identified (CL1-23, Figure 3). In each sample, representatives of all cluster were found. The viSNE maps of each time point are provided in Supplementary Figure S8, optical scatter and fluorescence intensities at specific wavelengths in Supplementary Figure S9, and a heat map of the differences in scatter and fluorescence between the different clusters in Supplementary Figure S10. Statistical testing of the number of cells per phenotypic group yielded significant differences between phenotypic community composition of photoautotrophic organisms over time, but insignificant differences between treatments (Figure 3). A detailed description of the results concerning the influence of time is available in Supplementary Text S3.The 16S and 18S community composition was analyzed via MiSeq amplicon sequencing on day 7 of exposure. Growth of periphyton in the presence of sMP and sMPaged resulted in significantly different microbial communities as compared with the control (Figure 4). Redundancy analysis resulted in principle components 1 and 2 explaining 9.83% of the differences in 16S data and 28.95% in 18S data (Figure 4).With respect to alpha diversity, no significant differences were detected in the richness (Chao1 index) and diversity (Shannon index, H’) calculated for 16S communities (p ≤ 0.05) (Supplementary Figure S11). However, while alpha diversity was as well similar between control and sMP communities, significant differences were found between the Chao and Shannon indices of control and sMPaged 18S communities. In addition, sMPaged and sMP 18S communities differed significantly in their respective Shannon index (Supplementary Figure S11). When significantly different, indices were systematically lower in sMPaged communities than in control and sMP communities.With regard to 16S ASV, 704 ASV were identified with 382 above the threshold of 3 (relative abundance of ASV >1% listed in Supplementary Table S4, families/genera summarized in Supplementary Table S5). Overall, two-tailed t-test of relative abundances suggested significant differences (p ≤ 0.05) in 5% and 4.2% ASV between control and sMP or sMPaged communities, respectively, and in 6% ASV between sMP and sMPaged communities (Supplementary Table S3). The highest abundance was detected for cyanobacterium genus Chamaesiphon (ASV9) in control communities (3.1%) and was statistically significantly reduced in sMP (1.9%) and sMPaged (1.6%) communities. A statistically significant increase in abundance in sMPaged compared with the controls was detected in the genera Phreatobacter (ASV59), Flavobacterium (ASV117), Hyphomonas (ASV131), Elstera (ASV132), Haliscomenobacter (ASV152), while a decrease was detected in Methylotenera (ASV98) and another member of Haliscomenobacter (ASV213). Examples of increase in sMP communities as compared with the controls are in members of the genus Flavobacterium (ASV110), and the order Sphingobacteriales (ASV134) and of a decrease in a member of the genus Emticicia (ASV184).With regard to 18S communities, 281 ASV were identified with 251 above the threshold of 3 (relative abundance of ASV >1% listed in Supplementary Table S6, families/genera summarized in Supplementary Table S7). Approximately, 40 of these were only identified as eukaryotic without further phylogenetic information. Some 234 of these were accounted for less than 1% of the total number of ASV. Two-tailed t-test of relative abundances suggested statistically significant differences (p ≤ 0.05) in 11% and 22% ASV between control and sMP or sMPaged communities, respectively, and in 18% ASV between sMP and sMPaged communities (Supplementary Table S3). The detected ASV were dominated by members of the diatom genera Achnanthidium and Gomphona (ASV1-3, 5) and by members of the phylum Cryptomycota (ASV4), which represented about 50% of all ASV. Cryptomycota accounted for 4.65% of all ASV in control communities, and were significantly increased in sMP treatments (6.37%) but significantly decreased in sMPaged treatments (2.58%). At the same time, the sum of the strongly represented diatom ASV showed the opposite distribution in sMP (40.88%), sMPaged (48.91%), and control communities (42.65%). Part of the low abundance ASV (< 1%) was significantly reduced in sMP and sMPaged treatments vs. controls. Examples are members of the diatom genus Melosira (ASV24, decreased in sMPaged), Achnanthidium (ASV28, decreased in sMP and sMPaged), Planothidium (ASV48, decreased in sMP and sMPaged) and the ciliate genus Telotrochidium (ASV53, decreased in sMP and sMPaged). Overall, 13 of the 251 ASV were not identified in the sMPaged communities as opposed to 4 in the sMP communities. The frequency of detection of 72% of all ASV was reduced in sMPaged samples and of 42% of all ASV in sMP samples.
TABLE 2 | Relative abundance of sMP/sMPaged in periphyton over time, measured by FC and viSNE.
[image: Table 2][image: Figure 2]FIGURE 2 | Periphyton descriptors resulting from experiment 1 (left panels, sMP/sMPaged) and 2 (right panels, bMP/bMPaged). Represented are dry weight (A,G), photosynthetic yield (B,H), respiration (C,I), and N-NH4+ (D,J), N-NO2- (E,K) and N-NO3- (F,L) uptake rates. The treatments are represented as black dots for control, white dots for UV-treated MP and black triangle for MP with native surface. Shown are the mean of five biological replicates; whiskers indicate the standard error of the mean.
TABLE 3 | Statistical results from mixed effects analysis with dry weight, respiration, photosynthetic yield, and nutrient uptake rates as dependent variable and experimental time and treatment as fixed variables. p values <0.05 in bold type indicate significant differences over time or among treatments. Calculations were carried out using the nlme package in R version 3.6.1.
[image: Table 3][image: Figure 3]FIGURE 3 | Effects of sMP/sMPaged (A,B) and bMP/bMPaged (C,D) on the photoautotrophic community composition at day 7, 14, and 21 days of exposure. Control indicates periphyton grown in the absence of MP. Differences in community composition between treatments and time were analyzed using Adonis permutational ANOVA in R. Results indicated no significant differences between treatments, while differences over time were significant in both experiments (experiment 1: p < 0.001, R2 = 0.63 F = 36 and for experiment 2: p = 0.001, R2 = 0.92, F = 282.3 in experiment 1 and 2, respectively).
[image: Figure 4]FIGURE 4 | Microbial community composition of periphyton resulting from Experiment 1 (left column) and Experiment 2 (right column) based on 16S (upper panels) and 18S amplification (lower panels) at day 7 of the exposure. Green, red, and blue dots represent control, aged and native MP exposures, respectively. Five independent biological replicates and two technical replicates per sample were included in the redundancy analysis, which reveals a significant effect of the exposure on the community composition (p < 0.05; permutational ANOVA).
Experiment 2. Effects Of Bigger MP (65–75 µm) with Aged and Native Surface On Structure and Function Of Developing Periphyton.bMP and bMPaged represented 0.0025% of the total volume of the periphyton at day 28 in each microcosm (for calculations see Supplementary Text S2). These (big) particles were added only once at the beginning of the experiment because they were found to settle on the biofilm (Supplementary Figure S2) and hence were assumed to not be affected by the medium changes. Indeed, total abundance of bMP and bMPaged per m2 glass slide was constant over the study period and no statistical differences between bMP and bMPaged per m2 were detected at different time points (p > 0.05, ANOVA, Table 4). Considering the biomass accrual at the same time points (Figure 2G), the constant abundance of bMP and bMPaged indicates a dilution of the big particles in the biofilm proportional to biomass increase, and hence, a decrease of the exposure conditions. This is also highlighted by the observed significant decrease of the ratio of bMP:biomass and bMPaged:biomass over time (mixed effects analysis, p < 0.05, Supplementary Figure S12).Periphyton grown in the presence of bMP and bMPaged developed constantly over the study period up to 10.6 g m−2 dry weight (Figure 2G) with time playing a significant role while bMP and bMPaged treatments having no significant effect (Table 3). The photosynthetic yield ranged from 0.39 to 0.51 with significantly highest values measured at day 14 in bMPaged and control treatment (Figure 2H).Respiration was only measured on day 14 where it was lowest in periphyton grown in the presence of bMP (Figure 2I). The N-NH4 uptake rate was negative, indicating N-NH4 uptake, and increased slightly from day 7 to 21(Figure 2J). Similar to Experiment 1, N-NO2 uptake rate was positive, indicating N-NO2 production, and increased by one order of magnitude from day 7 to day 28 (Figure 2K). N-NO3 uptake rate was positive on day 14 and decreased to close to 0 on day 28 (Figure 2L). This indicates a change from N-NO3 production to N-NO3 assimilation between day 14 and 21.Based on FC & viSNE data analysis, 21 different phenotypic groups were identified (CL1-21, Figures 3C,D). In each sample, representatives of all clusters were found. The viSNE maps of each time point are shown in Supplementary Figure S13, optical scatter and fluorescence intensities at specific wavelengths in Supplementary Figure S14, and heat map of the differences in scatter and fluorescence between the different clusters in Supplementary Figure S15. Statistical testing of the number of cells per phenotypic group yielded significant differences between phenotypic community composition of photoautotrophic organisms over time, but no significant differences were observed between treatments (Figure 3). A more detailed description is available in Supplementary Text S4.The 16S and 18S community composition was analyzed via MiSeq amplicon sequencing on day 7 of exposure. Growth of biofilms in the presence of bMP and bMPaged resulted in significantly different microbial communities as compared with the control (Figure 4). Redundancy analysis resulted in principle components CPA 1 and 2 explaining 10.02% of the differences in 16S data and 36.17% in 18S data (Figure 4). No significant differences were detected in the richness (Chao1 index) and diversity (Shannon index, H’) calculated for 16S communities (p ≤ 0.05) (Supplementary Figure S11). Significant differences were found in the Shannon indices of bMP and bMPaged communities with lower values determined for MPaged communities (Supplementary Figure S11).With regard to 16S communities, 1170 ASV were identified with 875 above the frequency threshold of 3 (relative abundance of ASV > 1% listed in Supplementary Table S8, families/genera summarized in Supplementary Table S10). Two-tailed t-test of relative abundances suggested significant differences (p ≤ 0.05) in 3.4% and 5.5% ASV between control and bMP or bMPaged communities, respectively, and in 4.3% ASV between bMP and bMPaged communities (Supplementary Table S3). The highest abundance was detected for ASV1 (genus Inhella, around 1.5% in all communities) followed by the Chitinophagaceae genus Terrimonas (ASV2, around 1% in all communities). Cyanobacterial ASV 50 and 148 accounted for 0.7% on average.Examples of decrease in abundance in bMPaged communities are ASV 39 (Terrimonas), 47 (Sphingobacteriales), 135 (Solitalea, Sphingobacteriales), and 265 (Sphingopyxis), while an increase was observed in ASV 113 (Microscillaceae), 203 (Lacihabitans), 279 (Methylotenera), 354 (Flavobacterium), and 356 (Methylophilaceae). In the bMP communities, different ASV were decreased or increased in abundance, but were partially associated with the same phyla. Examples for decreased abundance are ASV 184 (Flavobacterium), 250 (Lacihabitans), 273 (Flavobacterium), 428 (Haliscomenobacter, Chitinophagales), while increased abundances were observed in ASV 267 (Flavobacterium) and 465 (Flavobacterium).With regard to 18S and 16S communities, 306 ASV were identified with all above the frequency threshold of 3 (relative abundance of ASV >1% listed in Supplementary Table S10, families/genera summarized in Supplementary Table S11). Of these, 28 were only identified as eukaryotic without further phylogenetic information. Two-tailed t-test of relative abundances suggested significant differences (p ≤ 0.05) in 13.7% and 10.5% ASV between control and sMP or sMPaged communities, respectively, and in 20% ASV between bMP and bMPaged communities (Supplementary Table S3). As opposed to the communities exposed in Experiment 1, the most abundant ASV were less dominant. The 16 most abundant ASV represented about 50% of all ASV. These were associated with members of the diatom genera Achnanthidium, Gomphona, Melosira, Ulnaria, Nitzschia, and Encynoma (ASV1, 3, 4, 7, 15, 16), ciliate family Oligohymenophorea (ASV 6, 9, 14), the environmental clone BOLA868 (Amoebozoa, Tubulinea, ASV10), class Thecofilosea (Cercozoa, ASV12), and four eukaryotic ASV (ASV2, 5, 8, 11) not further identified. Cryptomycota accounted for 0.3–0.4% of all ASV (ASV74, 170, 258; ASV74 being identical to ASV4) without significant differences between the treatments. As observed in Experiment 1, the sum of the strongly represented diatom ASV showed a distinct distribution in bMP (21.12%), bMPaged (28.63%) and control communities (27.85). Due to a larger heterogeneity of individual samples in this experiment, differences in the low abundance ASV were less often statistically significant. One exception is the higher abundance of Telotrochidium (ciliate, ASV22) in bMP communities (1.7 % vs 0.67% in bMPaged and 0.56% in control communities). Overall, 7 of the 306 ASV were not identified in the bMPaged communities and 8 in the bMP communities. The frequency of detection of 32% of all ASV was reduced in bMPaged samples and of 44% of all ASV in bMP samples.
TABLE 4 | Absolute abundance of bMP/bMPaged in peripyhton over time (MP m−2).
[image: Table 4]Experiment 3. Effects Of Smaller MP (1–4 µm) On Mechanical Properties Of Periphyton.rMP represented 0.002% of the total volume of the periphyton at day 21 in each microcosm (for calculations see Supplementary Text S2). Relative abundance of rMP in the periphyton was quantified using FC & viSNE. This analysis showed that 1.62% of the cells were identified as rMP. Dry weight and photosynthetic yield at day 21 of exposure were similar in periphyton grown in the presence and absence of rMP (p > 0.05, Student’s T-test), amounting to 9.79 ± 0.33 mg m−2 and 0.33 ± 0.01, respectively.To determine the mechanical differences between periphyton grown in the presence or absence of rMP, axial compression tests with oscillatory rheology were performed (as illustrated in Figure 5A). Axial compressions indicated that the height of control and rMP-exposed periphyton were at 1.5 and 1.4 mm, respectively (Figure 5B). Yet, the architecture and mechanical behavior upon compression differed. The architectural differences in the periphyton were derived from the shape of the compression curves. Here, the negative FN zone (N < 0) was larger for periphyton-rMP (0.62 ± 0.17 mm) than for control periphyton (0.32 ± 0.06 mm, Figure 5B). The mechanical properties, that is, stiffness and stress relaxation, were measured upon axial compression. Results showed higher initial stiffness for periphyton exposed to rMP than for control periphyton (Figure 5C). In contrast, the force recovery after compression was higher for control periphyton (Figure 5D). Here, the energy dissipation of the applied FN of 0.15 reached 30% for rMP-exposed periphyton, whereas control periphyton reached values of 40% of the applied FN (Figure 5D). This energy dissipation is a direct measure of the load-bearing capacity of the periphyton systems, revealing that both types of periphyton are able to store elastic energy.Both, control- and rMP-exposed periphyton were of viscoelastic character with an elastic modulus G′ and a viscous modulus G″. However, rMP-exposed periphyton had a higher viscoelasticity. This was indicated by a higher elastic modulus (G′, Figures 5E,F). At low strains (0.1–10%), both control periphyton and rMP-exposed periphyton behaved like a solid-like material (G′>G″). At strains > 10%, the periphyton became liquid-like (G″<G′). At higher compressions (0.3N), the elastic and viscous moduli increased in both periphyton types, due to a squeezing of the biofilm resulting in less water in the sample, while, at the same time, increasing the amount of connection points between the biofilm components.
[image: Figure 5]FIGURE 5 | Mechanical properties of periphyton growing with MP (periphyton-rMP, orange) and without (periphyton-control, green). Represented is a sketch of the rheometer indicating the plate, gap, sample, and sample holder (A), the representative normal force (FN) dependence on the gap (B), initial stiffness (C), stress relaxation (D) and viscoelastic properties of the matrix of periphyton-rMP (orange) and (green) measured using amplitude sweeps with fixed FN (E) and for periphyton-rMP at two different FN (F).
DISCUSSION
In this study, three independent microcosm exposure experiments shed light on the effect of MP on periphyton, an important component in freshwater ecosystems. In particular, exposures to small MP (1–4 μm, 0.96 g mL−1, Experiment 1) and big MP (63–75 μm, 1.25 g mL−1, Experiment 2) with aged and native surface aimed to test MP effect on periphyton biomass accrual, microbial community structure and function. Exposures to red fluorescent small MP (1–5 μm, 1.3 g mL−1, Experiment 3) aimed to test the effects on periphyton mechanical properties. The periphyton inoculum for each experiment was collected freshly, resulting in natural variability in the community composition of the respective starting inoculum. Hence, the results obtained in the three experiments cannot directly be compared. However, within each experiment, the results are discussed with respect to the unexposed control.
Periphyton Incorporates all MP Types
The quantification of MP either in relative abundances (sMP/sMPaged) or in absolute counts (bMP/bMPaged) was used as an indication for the MP incorporation into the periphyton. Especially, the finding that the relative abundance of sMP/sMPaged, being added after each medium change, remained constant over the study period, supports the notion of a continuous incorporation of the MP with increasing periphyton biomass. The bMP/bMPaged were added only once at the beginning of the experiment. The fact that their absolute counts remained constant over the study period and that they were not washed out during medium change again indicates a high affinity of the MP to periphyton, which was additionally supported by the immediate settlement of the bMP/bMPaged. These results suggest that both MP types were incorporated into the periphyton already at an early stage of biofilm development, that is, in less than 7 days according to our experimental design.
The MP settlement depends on their specific material properties, especially size and density. In experiments to identify the best MP suspension procedure, we found that bMP accumulated on the bottom of the glass vials within 30 s, whereas sMP did not settle within the 5 min observation period. Therefore, the bMP/bMPaged settlement in the periphyton was likely driven, at least initially, by the high material density of the particles themselves. However, other factors may have contributed to the settlement of both the bMP and the sMP. For instance, interactions with microorganisms and EPS either in the water column or on the periphyton surface might have favored MP incorporation. Such a phenomenon has been observed in streams were MP settlement was correlated with periphyton standing stock (Roche et al., 2017). In the case of the sMP, this process may have been driven specifically by the high surface area compared with the bMP. Importantly, UV treatment to age the particles did not influence incorporation of the MP with the biofilms.
MP Changes Periphyton Microbial Community Structure
The MP in periphyton interact with organic compounds of the matrix and the microbial cells. These latter direct interactions can provide advantages for certain types of cells, such as facilitated attachment and reproduction, while bringing disadvantages, such as stress and negative selection, for others. In the present study, however, not all periphyton cells will have directly interacted with MP because exposure concentrations resulted in a sMP/sMPaged and bMP/bMPaged volume of only 0.0002% and 0.0025% of the total periphyton volume, respectively. This indicates that the MP:cell interactions must have been far less occurring than the cell:cell interactions. Despite this presumably low MP:cell ratio, the presence of MP during periphyton development leads to a different genetic community structure, that is, composition and relative abundance, of the prokaryotic and eukaryotic communities after 7 days of exposure. This might be due to the enrichment of certain cell types on the MP and in their proximity, thereby shaping community composition (Datta et al., 2016).
These community shifts upon MP exposures were independent of MP size but dependent on the surface characteristics, which were altered by UV radiation-induced aging. The surfaces of both the sMPaged and bMPaged particles were cracked and keton-groups were more abundant on aged than on native (no UV treatment) surfaces. This is in line with the previous findings showing that UV radiation provokes chain scission, cross-linking, cracking and an increase of polar groups (Feldman 2002; Gulmine et al., 2003). These alterations must have led to a greater surface availability and possibly changes toward a more hydrophilic character of the surface of aged MP. Such changes in surface characteristics of MP have been shown to be a strong selective factor of organic compound adsorption (Rummel et al., 2021) and can partly drive direct MP:cell interaction via facilitating microbial attachment (Erni-Cassola et al., 2019).
The surface-dependence of community composition was also reflected in taxonomic alpha diversity. In particular, the alpha diversity of eukaryotic but not prokaryotic communities resulted to be less diverse upon exposures to aged but not to native MP. That biofilms developing on weathered MP in suspension had lower diversity than biofilms developing on natural particle substrates has been observed previously for both prokaryotic (McCormick et al., 2014; Miao et al., 2019) and eukaryotic (Kettner et al., 2019) communities. However, mechanisms (i.e., processes and pathways) leading to such a reduced diversity following MP:cell interactions are poorly understood.
Although alpha diversity was reduced in the presence of weathered MP, the relative abundance of some genera increased. Examples are Phreatobacter and Hyphomonas (both phylum Alphaproteobacteria), Inhella (phylum Betaproteobacteria) as well as Flavobacterium (phylum Bacterioidetes), all of which have also been found to enrich on suspended MP in the marine environment (Oberbeckmann and Labrenz, 2020), in rivers (McCormick et al., 2014; Kelly et al., 2020) and the Baltic sea (Ogonowski et al., 2018). Specific physiological traits, such as the ability of Hyphomonas to adhere firmly to surfaces by forming polysaccharides holdfast (Oberbeckmann and Labrenz, 2020), and the potential of Burkholderiales (Inhella sp.) to metabolize and use polycyclic hydrocarbons and other petroleate derivatives (Juhasz et al., 1997), have been suggested as factors favoring the enrichment of those species on plastic surfaces. Whether these factors also contribute to their abundance increase in the periphyton remains to be determined.
Aside from genera previously shown to thrive in the presence of MP, we found representatives of other genera to decrease in abundance instead. For instance, the cyanobacterium genus Chamaesiphon decreased in sMP/sMPaged treatments compared with control. This is surprising, since this genus occurs in a broad range of environmental conditions (Gutowski et al., 2015; Kurmayer et al., 2018). This might point toward an indirect MP effect on community composition. It is possible that material properties drive initial community composition within the first hours or days (Rummel et al., 2021) but that at later stages of biofilm formation, the community composition is rather shaped by cell:cell interactions via, e.g., nutrient competition (Datta et al., 2016).
Similarly, relative abundances of representatives of eukaryotes were affected upon MP exposure. For instance, our results indicated that while diatoms increased and decreased in abundance in aged and native sMP-exposed biofilms, respectively, Cryptomycota showed the reversed pattern. Both phyla have been shown to enrich on floating MP in the ocean (Kettner et al., 2017; Kettner et al., 2019). The particular cell shape of diatoms could favor their attachment (Sullivan, 2019) and the organic substances that are adsorbed to the MP surfaces in aquatic environments could attract Cryptomycota, as a heterotrophic decomposer (Grossart and Rojas-Jimenez, 2016). However, the very low MP:cell ratio in our experiments is rather indicative of indirect MP effects on cell:cell interactions.
The MP-induced shift of the phylogenetic community composition was not reflected at the phenotypic community level. This indicates that the phenotypes among the species that changed in abundance were redundant with respect to phenotypic properties. There was also no MP-induced increase in the fraction of decaying cells as observed upon periphyton exposure to, for example, the herbicide Diuron (Sgier et al., 2018a). This suggests that MP do not seem to have a specific mode of action for microorganisms toxic to cells leading to cell death, which is the case for micropollutants (e.g., pesticides). However, the phenotypic community profile showed time-dependent dynamics (Supplementary Text S5).
MP Do Not Affect Functional Parameters
Along with the consistency of community composition as judged from phenotype, all functional parameters assessed, that is, photosynthetic activity, microbial respiration as well as N-NH4+, N-NO2-, and N-NO3- uptake rates were not altered in periphyton upon MP exposure. We take this as an indication for functional redundancy, a common feature of microbial communities (Louca et al., 2018). Particularly, natural periphyton has been shown to change over space and time while maintaining ecosystem functions (Besemer et al., 2013; Wilhelm et al., 2015). However, functional effects may depend on the availability of MP surfaces for cell attachment. Previous studies have evidenced functional changes (e.g., alteration of N, carbon, and phosphate cycling) in periphyton grown on different plastic surfaces (polypropylene, polyvinyl chloride, and polyethylene terephthalate) for 25 days compared with natural substrates (Chen et al., 2020). Similarly, a different metabolic function (i.e., carbon cycling) was observed in mature biofilms (44 days old) growing on MP compared with glass, suggesting that plastic surfaces can provoke a shift in function (Miao et al., 2021). In our study, MP were present in periphyton in low concentrations. Possibly, higher MP concentrations, providing more colonizable plastic surface, could result in a shift of functional traits.
Small MP Containing Periphyton Differ in Mechanical Properties
Rheological measurements showed that periphyton containing small MP (rMP) gained similar height like control periphyton but differed in architecture and mechanical properties. In particular, a larger streamer zone was observed in MP-containing periphyton compared with control. This is interesting since the formation of streamers has only been linked with increased shear stress, for example, high water flow velocity and turbulences so far (Besemer et al., 2007). Our data suggest that MP have a similar effect on periphyton architecture. Streamer formation provides several advantages for the periphyton, such as increased oscillation, which can enhance the transfer of solutes into the base part of the biofilm (Battin et al., 2016). Moreover, streamers represent a microniche for photoautotrophs with higher light and nutrient availability than in the base part (Besemer et al., 2009).
Besides architectural differences, we observed higher stiffness, lower stress relaxation and higher viscoelasticity in small MP exposed periphyton compared with control. This suggests that MP containing periphyton has higher resistance to external forces, for example, hydraulic pressure. These mechanical properties result from the interactions between cells, organic substances, and MP within the matrix. Inasmuch as MP:MP interactions are negligible because rMP abundance was very low, being 2 out of 100 cells, the mechanical changes must rather result from how EPS components of the periphyton interact in terms of adhesion and cohesion than by the presence of the MP. The EPS has been suggested to protect from shear stress (Gloag et al., 2020) and several unique compounds were identified to increase elasticity, ductility, and malleability of Pseudomonas aeruginosa biofilms (Chew et al., 2014). In this study, we did not analyze the composition of the EPS. However, we observed a significant change of prokaryotic and eukaryotic community composition of the periphyton upon MP exposure. This might have also induced a shift in the EPS composition, both in quantity and quality. Together, our study is first to measure the mechanical properties of natural stream biofilms and the results point toward a stronger periphyton matrix when MP are present. This could lead to less dislodgment and clearance of MP-containing periphyton under a flood event. However, there is a need for more detailed insight on the effects of MP on mechanical properties, for example, the critical MP concentration and MP size. This could be tested by measuring the hydraulic resistance of model hydrogel systems containing different concentrations and sizes of MP.
CONCLUSION
This study showed that both smaller (1–4 µm) and bigger (∼ 63–75 µm) MP were incorporated into the periphyton matrix. Thus, with periphyton being a sink for MP but simultaneously serving as food source, MP might be transferred along the food chain with periphyton being the starting point. Whether MP in periphyton diminishes its nutritional value, or otherwise impacts on higher trophic levels, requires further investigation. The MP exposure also altered local community structure with as of yet unknown consequences on, for example, interspecific competition, flux of energy and nutrients or population recovery from other disturbances, especially upon long-term exposures to MP. Finally, exposure to small MP influenced the mechanical properties, leading to greater mechanical strength and increased periphyton stability, which may in turn reduce dislodgement and thereby affect biofilm renewal. These results point to the importance of further identifying the mechanisms underlying MP–periphyton interactions and exploring in how far they are transferable to the natural environment where periphyton grows on rocks and sediment material.
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bMP/bMPaged were quantilied by counting using light microscopy. Represented are
mean values of five biological replicates and the standard error of the mean (SE).
Statistical diferences between absolute abundances among tine points were tested

using ANOVA in R.
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The sMP/sMPaged cluster in the periphyton sample was identified based on its
characteristic fluorescence properties. Values indicate the percentage of events n a total
of 10,000 analyzed cells identiied as MP. Represented are mean values of five biological
replicates and the standard error (SE) of the mean. Values in the control treatmentare due
to detection of false positive events (e.g., decaying, non-organic and not-assigned
particles (see Material and Methods).
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