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Abstract

Cu pollution in coastal areas is a worldwide threat for aquatic communities. This study assesses the effects
of Cu exposure on microbial diversity, community structure and functions of microbial communities in
marine periphyton biofilms at environmental relevant concentrations. Periphyton was exposed for 18 days
to five Cu concentrations, between 0.01 and 10 uM, in a semi-static test. Diversity and community
structure of prokaryotic and eukaryotic organisms were assessed by 16S and 18S amplicon sequencing,
respectively. Community function was studied as impacts on algal biomass and primary production.
Additionally, we studied Pollution-Induced Community Tolerance (PICT) using photosynthesis as the
endpoint. Sequencing results detected an average of 9504 and 1242 OTUs for 16S and 18S, respectively,
reflecting the huge biodiversity of marine periphytic biofilms. Eukaryotes represent the most Cu-sensitive
kingdom, where effects were seen already at concentrations as low as 10 nM. The structure of the
prokaryotic part of the community was impacted at slightly higher concentrations (60 nM), which is still
in the range of the Cu concentrations observed in the area (80 nM). The current environmental quality
standard for Cu of 70 nM therefore does not seem to be sufficiently protective for periphyton. Cu
exposure resulted in a more Cu-tolerant community, which was accompanied by a reduced total algal
biomass, increased relative abundance of diatoms and a reduction of primary production. Cu exposure
changed the network of associations between taxa in the communities. A total of 23 taxa, including
species within Proteobacteria, Bacteroidetes, Stramenopiles and Hacrobia, were identified as being
particularly sensitive to Cu. DNA metabarcoding is presented as a sensitive tool for community-level
ecotoxicological studies that allows to observe impacts simultaneously on a multitude of pro- and

eukaryotic species, and therefore to identify particularly sensitive, non-cultivable species and taxa.

Key words: metabarcoding, 16S rRNA, 18S rRNA, periphyton, amplicon sequencing, metals
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INTRODUCTION

Cu pollution in coastal areas is mainly associated with domestic and industrial activities (Misson et al.,
2016; Oursel et al., 2013; Parks et al., 2010), and the use of Cu-based antifouling paints on ship hulls
(Thomas and Brooks, 2010; Yebra et al., 2004), especially after the ban of tributyltin (TBT) in the late
1980s in France (Alzieu, 2000) and from 2003 to the rest of Europe (Yebra et al., 2004). Elevated Cu
levels can be detected in many parts of the world, especially near enclosed harbours and marinas. For
instance concentrations as high as 0.33 M have been detected in San Diego Bay, USA (Schiff et al.,
2007) or up to 0.41 uM in Toulon Bay, France (Briand et al., 2017). In the west cost of Sweden, Cu levels
have been detected at concentrations up to 5 pg/L (0.08 uM) (Egardt et al., 2018), exceeding the
environmental quality standard (EQS) for this region, i.e. the Kattegat sea where an EQS of 4 ug/L (0.07
M) has been established (HVMFS 2015:4). Cu is an essential element (Festa and Thiele, 2011), but
becomes toxic at higher concentrations (Amara et al., 2018), depending on metal speciation, accumulation
(Meylan et al., 2004; Serra et al., 2009) and exposed organism (Amara et al., 2018; Barranguet et al.,
2003). In photosynthetically active cells Cu inhibits CO, fixation and PSII activity (Pandey et al., 1992),
causes oxidative stress and ultimately inhibits cell growth (Gongalves et al., 2018). In bacteria, Cu affects
various cellular enzymes and proteins involved in energy metabolism (Waldron et al., 2009). Cu affects
species composition in microbial communities, leading to a replacement of sensitive taxa with tolerant
ones (Ancion et al., 2010; Gustavson et al., 1999; Serra et al., 2009). Current understanding of the
responses of microbial prokaryotic and eukaryotic taxa to Cu pollution is limited (Yang et al., 2018), and
even less is known about Cu effects on the interactions within a community and its potential to cause
indirect effects (Barranguet et al., 2003; Yang et al., 2018).

Periphyton, also called microhytobenthos, forms biofilms of highly diverse microbial
communities — including algae, bacteria, fungi and meiofauna — that live attached to submerged substrata
in aquatic ecosystems (Lock, 1993; Salta et al., 2013; Sanli et al., 2015). The importance of periphyton to
aquatic ecosystems is linked to its function as a primary producer and its contribution to biogeochemical
cycles (Battin et al., 2003; Sundbick et al., 2004). The use of periphyton for studies in community
ecotoxicology is well established (Corcoll et al., 2015; Eriksson et al., 2009a; Sabater et al., 2007), as it
allows to assess effects of contaminants across different levels of biological organization (Guasch et al.,
2016). In this line, an approach commonly used for detecting long-term effects of toxicants in periphyton
communities is the measurement of PICT (Pollution-Induced Community Tolerance), introduced by
Blanck et al. 1988. PICT is based on the elimination of organisms sensitive to the toxicant in question and
the induced inter- and intraspecific selection for organisms that are more tolerant to the toxicant. The

entire community is restructured and finally displays an overall increase in its tolerance to the toxicant,
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91  compared to an unexposed reference community. This induced tolerance is commonly quantified as an
92  increase of the short-term EC50 of the whole community to the toxicant in question, which is perceived as
93 a community trait (Blanck et al., 1988; Tlili et al., 2015). The use of PICT for detecting effects from Cu on
94  marine and freshwater periphyton has shown to be more sensitive than traditional community composition
95  based-tools such as microscope observations, pigment-profile based approaches or PCR-DGGE
96 fingerprints (Barranguet et al., 2003; Gustavson et al., 1999; Massieux et al., 2004; Serra et al., 2009; Tlili
97 etal.,2010).
98 Recent advances in DNA sequencing represents a powerful tool to detect and quantify
99  effects of toxic substances on ecological communities with high sample/observation throughput (Zhang et
100  al., 2009). In particular DNA metabarcoding, a high throughput DNA-based amplicon sequencing
101  technique, has emerged as a new molecular tool to identify a large proportion of the biological community
102  present in an environmental (Hebert et al., 2003). In a recent study of the community responses of
103  microbiota in freshwater sediments spiked with Cu, the diversity and structure of eukaryotic and
104  prokaryotic communities were characterized by DNA metabarcoding, in addition to evaluating lethal and
105  sub-lethal toxicity (Yang et al., 2018). Obtained results showed that alterations of phylogenetic
106  biodiversity of eukaryotic communities and the structure of sediment communities were sensitive
107  indicators for sediment contamination.
108 To the best of our knowledge, similar studies have not yet been performed for marine
109  periphyton biofilms, in order to improve our understanding of how Cu, a common marine pollutant,
110  restructures the diversity of these important elements of marine ecosystems. The present study therefore
111  investigated (1) the effects of a range of Cu concentrations on prokaryotic and eukaryotic microbial
112 diversity using DNA metabarcoding, (2) to assess Cu effects on ecological functions and community
113  tolerance development using the PICT approach, and (3) to identify Cu sensitive and tolerant taxa as well
114  as changes of the community network. For these purposes, natural marine periphyton was exposed to a
115  range of Cu concentrations (0.1 to 10 uM) in a semi-static microcosm for 18 days. We selected the 16S
116  rRNA (V3 region) and the 18S rRNA (V9 region) genes to describe effects on diversity and community
117  composition of bacteria and eukaryotes, respectively. Our results provide new information of how Cu
118  pollution affects microbial biodiversity and community composition in the marine environment, data that
119  will aid the setting of appropriate environmental quality standards.
120
121 MATERIAL AND METHODS
122

123  Microcosm setup and experimental design
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The experiment was conducted indoors in a thermo-constant room at the facilities of the
Sven Lovén Centre for marine sciences - Kristineberg by the Gullmar fjord on the west coast of Sweden,
from 18" August to 6™ September 2015. Eighteen independent microcosms made by rectangular glass
vessels inspired by the SWIFT periphyton test described by Porsbring et al. (2007) were used for the
experiment. Each microcosm contained 300 mL of natural sea water collected in the Gullmar fjord. The
sea water, with its naturally occurring organisms, was filtered through a 200 pm mesh to remove large
organisms and was enriched with 0.7 pM phosphate (as KH,PO,) and 0.8 uM nitrate (as NH4sNO3) to
avoid nutrient limitation during periphyton growth. Periphyton was allowed to colonize rectangular
polyethylene therophtalate (PETG) slides (6.9 x 1.4 cm?). Each rectangular microcosm had a glass rod
attached along the long side in the middle of the bottom of the vessel and 22 PTEG slides were placed
from the bottom glass rod to the side walls of the vessel, making an angle of approximately 22° between
the bottom and the walls of the vessel. The sea water covered half of the surface of the slides. The water
from each microcosm was renewed every day. To stimulate periphyton colonization and growth in the
beginning of the experiment, marine periphyton inocula were prepared by brushing off periphyton from
the upper part of 50 - 60 stones and pebbles, collected at a maximal depth of 60 cm, into seawater. The
water, stones and pebbles were sampled from a nearby pristine bay (Gaseviken: 58.245373°N,
11.433628°S). The inocula was vigorously shaken and filtered through a 200 pm mesh to remove large
organisms. 20 ml inocula, with an approximate chlorophyll a concentration of 0.3 g mL™!, were provided
twice to each microcosm during the first week of the experiment. The microcosms were incubated in a
thermo-controlled room with the temperature set to 15°C. The daily light/dark cycle of 14h/8h was
simulated with OSRAM FLUORA light tubes with a light intensity at the surface of the microcosms of
approximately 120 umol photons m? s*. The microcosms were in constant agitation by using horizontal
shakes.

The experimental design included unexposed control microcosms and five Cu exposure levels, each in
triplicate microcosms. The nominal Cu exposure levels were: 0.01, 0.06, 0.32, 1.78 and 10 uM . Cu
stocks, one thousand times more concentrated than the nominal concentrations, were prepared from
CuCl,-H,O (Sigma-Aldrich) with deionised water. 300 uL of the Cu stocks was added to the Cu
microcosms, and the same volume of deionised water was added to the unexposed controls, to give the
final volume of 300 mL. Water temperature, pH, oxygen and salinity was monitored periodically, at least
10 times through the experiment, using portables multi-probes (HANNA Instruments). Water of all
microcosms was sampled before and after a water renewal for Cu analysis. For this, 50 mL of water were
filtered through 0.45 pm, preserved with HNOs (65% suprarpure) at final concentration of 1 % and kept at
4°C until further analysis with ICP-MS.
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Periphyton sampling

After18 days, periphyton was sampled to analyse chlorophyll a concentration, photosynthetic pigments,
photosynthetic activity, community tolerance to Cu and microbial composition of prokaryotes and
eukaryotes. For each microcosm, a periphyton slurry was produced by scraping off the periphyton from
the slides into 150 mL of sea water, filtered through 0.2 pm and amended with the same amount of
nutrients as used in the microcosms. 5 mL of periphyton slurry were filtered through Whatman GF/filters
and used immediately for chlorophyll a analyses. 10 mL of periphyton slurry were filtered through
Whatman GF/F filters, frozen at -20°C and stored until pigments extraction. 10 mL of periphyton slurry
was aliquoted in tubes, pelleted by centrifuged at 6500 g for 10 min, the supernatant was removed and the
resulting pellets were snap-frozen in liquid nitrogen and stored at -80°C until DNA extraction. The
remaining periphyton slurry was used to determine primary production (**C-incorporation) and tolerance
measurements following the PICT approach. Analyses of chlorophyll a, pigment profiles and microbial
composition were done for all treatments. For logistic reasons, photosynthetic and community tolerance
measurements were only done for the control microcosms and the microcosms with a Cu exposure of 0.32

and 1.78 uM Cu.

Chlorophyll a concentration and photosynthetic pigments

Chlorophyll a was extracted with 10 mL of ethanol (96%) for 24h in the dark, at room temperature, and
was quantified fluorometrically (10-AU Turner flouorometer; Turner designs, Sunnyvale California,
USA) according to Jespersen and Christoffersen (1987). Photosynthetic pigments were extracted in a 4
mL mixture of acetone/methanol (80%/20%, v/v) while sonicated in an ice slurry for 3 minutes. 90 pL of
the extracts were filtered onto 0.45 um filters (VWR International Syringe filters) and analysed with high
performance liquid chromatography (HPLC; Shimadze Prominence HPLC Systems) following
Torstensson et al. (2015). A total of 10 photosynthetic pigments were identified and were expressed as the
ratio between the peak area of each identified pigment and the peak area of Chlorophyll a. Fucoxanthin

was used as pigment marker for diatoms algal group (Roy et al., 2011).

Pollution-Induced Community Tolerance (PICT)

Pollution-Induced Community Tolerance (PICT) was measured as inhibition of photosynthesis,
using incorporation of 14C-sodium bicarbonate into incorporation of “C-sodium bicarbonate into

acid-stable compounds according to Eriksson et al. (2009) with some modifications. From each of the
studied microcosms, triplicate unexposed control samples were prepared by mixing 1 mL of periphyton

slurry and 1 mL sea water. One sample from each microcosm was exposed to 0.32, 1.35, 5.66, 23.8 and
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100 yM Cu by mixing 1 mL of periphyton slurry with 1 mL of Cu solutions. The sea water used for the
controls and the Cu solutions was filtered through 0.2 um and amended with the same amount of nutrients
as used in the microcosms. The samples were mixed in scintillation vials and were incubated at 15° C and
120 pmol photons m? s, while gently shaken during the incubation. After one hour, 50 pL **C-sodium
bicarbonate solution, with a radioactivity of 80 puCi/ml, was added to each sample. After another hour,
100 pL formaldehyde was added to each sample to terminate photosynthetic activity. The samples were
acidified with 100 xL of HCI to drive off unincorporated '“C and 3 mL of Instagel Plus was added to each
sample. Disintegrations per minute (DPM) were calculated from counts per minute (CPM) based on the
correction factors for the sample quench characteristics and the machine efficiency, using a liquid
scintillation spectrometer (LS 500 Beckman). The abiotic **C-incorporation was estimated by adding 100
uL formaldehyde to one sample before the incubation with **C-sodium bicarbonate, and the radioactivity
of that sample was subtracted from the radioactivity of the other samples from the same microcosm.
Community tolerance was determined as differences in ECso values between unexposed control
microcosms and microcosms exposed to 0.32 and 1.78 uM Cu. DPM values were used as estimates of

periphyton primary production (photosynthetic activity).
DNA extraction, PCR amplification and sequencing

Microbial composition of prokaryotes and eukaryotes was assessed by DNA metabarcoding. Total
genomic DNA was extracted using the Power Biofilm® DNAIsolation Kit (MoBio Laboratories, USA)
following recommendations in Corcoll et al. (2017). DNA was precipitated with sodium acetate and
ethanol prior downstream analyses. Bacterial 16S rRNA genes (V3 region) and eukaryotic 18S rRNA
genes (V9 region) were amplified using V3 primers (modified primers 341F and 518R) (Klindworth et al.,
2013) and V9 primers (1380F and 1510R) (Amaral-Zettler et al., 2009), respectively. Triplicate PCR
reactions were performed for each sample to minimize potential PCR bias. The PCR amplicon libraries

were sequenced using the Ion Torrent Proton technology according to the manufacturer’s protocols.

Bioinformatics

The QIIME v.1.8.0 (Quantitative Insights Into Microbial Ecology) pipeline was used to process the
raw sequences (Caporaso et al., 2010). Low quality sequences were trimmed via the “split_libraries.py”
script with “-w 50 -q 20”. PCR chimera filtering was performed via “parallel_identify_chimeric_seqs.py”
script in QIIME with the default parameter. Operational taxonomic units (OTUs) were selected with a
sequence similarity cut-off of 97% following the UPARSE pipeline (Edgar, 2013). For each OTU, a

representative sequence was chosen and taxonomy was assigned using the RDP classifier (Wang et al.,
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221 2007) against the Greengenes database (DeSantis et al., 2006) and SILVA database (Pruesse et al., 2007)

222  for prokaryote and eukaryote community, respectively.

223 All sequences obtained in this study will be deposited in NCBI under Accession Number (in progress).
224

225  Statistical analyses

226  One-way ANOVAs were used to assess differences between the treatments for Chlorophyll a
227  concentration, photosynthetic activity and ECs, values using R (R Core Team, 2013). The effective
228  concentration of Cu that had a 50% of effect (ECsy) was determined after fitting '“C-incorporation values
229  to a dose-response model (Weifull fit) using the package “drc” (Ritz, 2016) in R. Principal component
230  analysis (PCA) was employed to observe difference in microbial composition of prokaryotes and
231  eukaryotes between the Cu treatments using OTUs abundance data. Differences between Cu treatments
232 were assessed using ANOVA with Dunnett’s post hoc test. A correlation network of microbial community
233 were generated by SparCC with 100 bootstraps to assign two-sided pseudo p values (Friedman and Alm
234 2012). The network was filtered by correlation magnitudes > 0.6 and < -0.6 in a Pearson correlation test,
235  which indicates strong co-abundant and co-exclusion relationships. The response of each taxon to Cu
236  exposure was modelled with a 3-parameter log-logistic model and the 50% effects concentration (EC50)
237  was calculated. Beta diversity was estimated by computing weighted UniFrac distances between samples
238  (Lozupone and Knight 2006). All samples were rarefied at the lowest sequencing depth to reduce biases
239  resulting from differences in sequencing depth (186400 and 112730 for eukaryote and prokaryote
240  community, respectively).

241

242  RESULTS

243 Periphyton responses after 18 days of exposure to five Cu concentrations, between 0.01 and 10 uM, in a
244 semi-static test, are presented below.

245
246  Experimental conditions

247  Temperature, salinity and pH were constant over the entire experiment, varying by just 1 to 3% between
248  daily water renewals. Average salinity was 20.8 PSU, water temperature was 17.9 °C and pH was 8.1
249 (n=59). Cu concentrations in the controls and the samples with nominal concentration 0.01 yM Cu were
250  below the quantification limit of 0.03 yM. For the rest of the samples, the analysed Cu was between 33 %
251  and 90 % of the nominal concentrations, being closer to the nominal concentrations at higher exposure
252  levels (Supplementary table 1). Therefore, the nominal concentrations are used to describe the
253  concentration response patterns.

254
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Effects on photosynthetic pigments and photosynthetic activity

In the unexposed controls, chl-a accounted for 52%, fucoxanthin for 12 %, diadionoxanthin + diatoxanthin
for 12 %, B-carotens for 9%, and the remaining pigments accounted for 13% of the total pigments
(arithmetic mean of three replicates) (Figure 1A). Chl-a concentration decreased in a concentration-
dependent manner, reaching 81% inhibition at the highest concentration of 10 yM (Figure 1B). A similar
pattern was observed for the total pigment content of the periphyton (Figure 1A). In contrast, the relative
abundance of fucoxanthin increased in a concentration-dependent manner, increasing to 60% of the total
pigment content in the highest Cu exposure, 10 uM Cu (Figure 1B). The photosynthetic activity (**C-
incorporation) at concentrations of 0.32 and 1.78 uM C was inhibited up to 60% (Figure B).

Community tolerance development

Photosynthetic activity in all the short-term PICT detection tests was inhibited by increasing Cu
concentrations, and EC50 values could be determined for all microcosms except one of the microcosms
exposed to 1.78 uM Cu. Cu exposure of 0.32 and 1.78 uM clearly resulted in community tolerance. The
short-term EC50 (AVG = SE) of the untreated controls was 8.88 + 0.78 uM. After pre-exposure to 0.32
M Cu the short-term EC50 increased to 21.3 +1.34 yM and after pre-exposure to Cu at 1.78 uM it
increased further to 51.24 +5.85 uM (Figure 1B). That is, Cu pre-exposure increased the tolerance of the
community to short-term exposure by being 2.3 and 5.7, respectively, higher than in control treatment

indicating an increase of community tolerance to copper exposure.

Effects on prokaryotic and eukaryotic community composition

DNA-sequencing of the 16S and 18S gene fragments yielded a total of 7,109,298 and 5,655,641 high
quality reads, respectively. These reads clustered into 17,445 prokaryotic OTUs and 2,151 eukaryotic
OTUs (Table 1). As shown by the Chaol diversity index (Chao 1984; Suppl. Fig. 1) the sequencing depth

was sufficient to achieve the saturation point for identifying both prokaryote and eukaryote species.

The prokaryote community in unexposed communities was dominated by Alphaproteobacteria and
Flavobacteria classes, although the relevant abundances of sequences affiliated to Phycisphaerae and
Saprosirae (Figure 2). The eukaryotic community was dominated by Ochrophyta and Metazoa classes,
although the relevant abundances of sequences affiliated to Stramenopliles, Haptophyta and Chlorophyta
(Figure 3). Cu exposure decreased the total number of OTUs (Table 1) and also significantly reduced the
chaol diversity of both, the prokaryotic and the eukaryotic part of the periphyton (Supplementary Figure
S1). The impacts of Cu on prokaryotic and eukaryotic community composition were confirmed by a

MANOVA on Unifrac distances (Table 2). Significant changes of bacterial community composition were
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first observed after exposure to 0.06 M Cu, the eukaryotic part of the periphyton was already
significantly impacted after exposure to 0.01 xM Cu (Table 2). These findings are also reflected in the
PCA plots that visualise the effects of Cu exposure on OTU composition (Figures 2B and 3B). For
prokaryotes (Fig. 2B), the first axis of the PCA explains 38% of the variance and grouped the samples
from the control and 0.01, 0.06, 0.32 and 1.78 uM Cu on the right side of the axis, while samples from 10
M Cu were grouped on the left side of the axis. The second axis of the PCA explained 37% of the
variance and primarily separated the samples in three groups: i) control and low levels of Cu exposure,
from ii) 1.78 pM Cu and from iii) 10 uM Cu (Figure 2B). Remarkably, in treatments exposed to high
levels of Cu (1.78 and 10 uM Cu), the relative abundance of sequences affiliated to Nostocophycideae
prokaryote was especially high and the relative abundance of sequences affiliated with
Synechococcophycideae were especially low (Figures 2A and 4).

For Eukarya, the first axis of the PCA explained 68% of the variance and separated the samples based on
an increasing gradient of Cu exposure from the left side of the axis (control treatment) to the right site of
the axis (highest Cu treatment, 10 uM Cu) (Figures 3B). It should be pointed out that the relative
abundance of sequences associated to Ochrophyta and Lobosa increased in treatments exposed to high
levels of Cu (1.78 and 10 yM Cu). In contrast, the relative abundance of sequences associated to
Haptophyta, Metazoa, Chlorophyt, Cliophora, Dinophyta and Stramenoplies classes was markedly

reduced when comparing to control treatment (Figure 3A).

Cu sensitive and tolerant taxa and changes in community network

Pearson correlation analyses showed different Cu sensitives among taxa (Figures 4 and 5). As a general
trend within prokaryotic taxa, the Cyanobacteria phylum had a strong positive correlation with Cu
exposure but, in contrast, abundances of Planctomycetes and Proteobacteria phyla had a strong negative
correlation with Cu exposure (Figure 4). For eukarya, the Stramenopiles phylum were strongly positively
correlated with Cu exposure and Amoebozoa were weakly positively correlated with Cu exposure too , but
all other phyla were negatively correlated to Cu exposure. In particular, Hacrobia and Alveolata phyla
showed a strong negative correlation to Cu exposure (Figure 5).

A total of 23 taxa can be classified as “sensitive”, showing a clear concentration-dependent decrease
(Supplementary Figure S2 and Supplementary Table S2). For prokaryotes, the most sensitive taxa were
from the phyla Proteobacteria and Bacteriodetes. Most of the sensitive taxa have a relative high EC50
above 1 uM Cu, except for four taxa from the Cytophagales, Rickettsiales, Myxococcales and
Oceanospirillales which had EC50 values < 1 uM Cu (Supplementary Table S2). Five eukaryotic taxa
from the Stramenopiles and Hacrobia phyla were sensitive to Cu, with EC50 values below 2 yM Cu

(Supplementary Table S2).
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323 Cu changed the network of associations between taxa in the communities (Figure 6). The
324  number of nodes decreased at Cu concentration of 0.32 yM and higher (Supplementary Table S3), and
325  was lower than in the controls at 1.78 uM and 10 M of Cu. The network density, centralization and
326  heterogeneity increased after exposure to 10 M Cu (Supplementary Table S3).

327

328 DISCUSSION

329 Our microcosm study provides new insights into the ecological effects of long-term Cu
330  exposure on marine prokaryotic and microeukaryotic organisms within periphyton biofilms. Cu decreased
331  bacterial and eukaryotic species richness (number of OTUs) and the number of their interactions (number
332  of nodes). Eukaryotes were more sensitive than prokaryotic species. Despite clear changes in the
333  community structure, which rendered the exposed periphyton communities more Cu-tolerant, Cu exposure
334  decreased the total biomass and productivity of exposed biofilms. These effects were observed at Cu
335 concentrations above 0.06 uM, which are known to occur in the Swedish coastal environment (Egardt et
336  al., 2018). Furthermore, it should be emphasized that the results were recorded in an ecologically realistic
337  setting that allowed an ecological succession and competition to shape the communities under long-term
338  chronic Cu exposure. The current environmental quality standard for Cu of 0.07 uM (HVMFS 2015:4)
339  therefore does not seem to be sufficiently protective for periphyton, which contain key primary producers
340  especially in coastal areas where the euphotic zone extends to the sediment (Sundbick et al., 2004;

341 Wasmund, 1993).

342 The pollution-induced community tolerance (PICT) coincides with changes in the structure
343  and composition of the community (Figures 1, 2 and 3), and it also coincides with a decrease in algal
344  biomass and photosynthetic activity (Figure 1). This supports the view put forward first by Blanck et al.
345  (1988), that community tolerance will increase as soon as sensitive species and genotypes are lost from the
346  community. These observations are, however, in contrast to the functional redundancy hypothesis, which
347  assumes that species loss has little impact on ecological functions (Oliver et al., 2015). Instead, they
348  support the notion that biodiversity must be conserved fully, in order to ensure that an exposed community

349  can continue to fulfil its ecological functions in a given ecosystem (Tilman and Downing, 1994).
350 Although Eriksson et al. (2009a and 2009b) established a link between PICT and the genetic
351 composition of photosynthetic microorganims in marine periphyton, this study is, to our best
352 knowledge, the first paper that links PICT in biofilms with high-throughput DNA sequencing
353 techniques (metabarcoding) targeting the whole prokaryotic and microeukaryotic

354  microorganisms.
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A wide range of sensitive prokaryotic and eukaryotic species was observed (Figures 4 and
5). The highest Cu-tolerance amongst the prokaryotes was found in the Cyanobacteria phylum, especially
in the Nostocophycideae and Oscilaltoriphycideae classes (Figure 4). Cyanobacteria resistance to Cu
exposure has been observed previously (Barranguet et al., 2000; Serra et al., 2009) and might be attributed
to their capacity to synthetize external ligands (Giner-Lamia et al., 2016) so that Cu is accumulated

extracellularly (Serra et al., 2009).

Proteobacteria and Bacteroidetes phyla dominated the unexposed periphyton used in the
present study, which was sampled from the Gullmar fjord on the Swedish west coast. This is in
concordance with previous studies on marine bacterioplankton (Cottrell and Kirchman, 2000; Steven et
al., 2012) and periphyton biofilms (Corcoll et al., 2017; Sanli et al., 2015). The tolerance of Bacteroidetes
that we observed in the present study is confirmed by similar patterns observed in sediments exposed to
Cu (Yang et al., 2018). In contrast, the Proteobacteria phylum was the most sensitive phylum to Cu. The
abundance of thirteen of its taxa, mainly from the dominant Alpha- and Gamma-proteobacteria classes,
was reduced in a concentration-dependent manner, with EC50 values as low as 0.61 and 0.91 yM Cu,
respectively (Suppl. Table 2). Many species of the phylum Proteobacteria are responsible for nitrification
and denitrification processes, or linked with the assimilation of carbon (Ruiz-Gonzélez et al., 2012; Sanli
et al., 2015; Zhao et al., 2017). Given the high sensitivity of Proteobacteria to Cu, we therefore

hypothesize that Cu pollution in marine areas could lead to impaired nitrogen cycles.

Eight different eukaryotic higher taxonomic group were detected (Alveolata, Amoebozoa,
Apusozoa, Archaeplastida, Hacrobia, Opisthokonta, Rhizaria and Stramenopiles; Figures 3 and 5),
demonstrating once again the huge biodiversity of heterotrophic and autotrophic microeukaryotic
organisms present in marine periphyton biofilms (Sanli et al., 2015). Stramenopiles and Amoebozoa were
the most tolerant groups to Cu exposure, although the abundance of some fungal families within the
Opisthokonta group (Figure 5). Bacillariophyta (diatoms), a family within the Stramenopiles group, was
highly tolerant to Cu (Figure 5). Pigment analyses supported these results (Figure 1), since the relative
abundance of fucoxanthin, a common marker for diatoms (Roy et al., 2011) also increased with increasing
Cu concentrations. These findings are in agreement with previous results of (Gustavsson et al., 2017), who
also reported an increase of centric Bacillariophyta in marine phytoplankton as a consequence of Cu
exposure. The Cu tolerance in diatoms has been linked with their capacity to synthetize extracellular
polysaccharides and frustuline (Gongalves et al., 2018). Nevertheless, previously published mesocsom
studies also provide a partly conflicting picture of diatom tolerance to Cu. For instance in the studies by

Barranguet et al. (2000) and Soldo and Behra (2000), diatoms from stream periphyton were less tolerant
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than green algae or cyanobacteria to long-term Cu exposure. These different findings are likely caused by
the inherent differences between freshwater and marine environments in terms of water chemistry and
different initial compositions of the periphyton community, and because community composition is in
itself a vital element of metal tolerance (Pérez et al., 2010).

In Fungi, the relative abundance of most classes and families was not affected by Cu
exposure, which is in agreement with previous studies in sediment mesocosms (Gardham et al., 2014;
Yang et al., 2018). Several resistance mechanisms in fungi to cope with Cu toxicity have been described,
such as copper complexing by cell wall components, changes in membrane copper transport, synthesis of
intra-cellular copper-binding metallothioneins and phytochelatins, and production of extracellular copper-
complexing or -precipitating metabolites (Cervantes and Gutierrezcorona, 1994).

Five algal taxa where inhibited in a concentration-dependent manner: a member of the
Pavlovaceae family (Haptophyta), a member of Erythropeltidales order (Rhodophyta) and three taxa
within Stramenopiles, with EC50 values ranging from 1.2 to 2 uM Cu (Supplementary Table S2). The
abundance of members of Hacrobia was strongly negatively correlated with Cu exposure (Figures 3 and
5). Within Hacrobia, the relative abundance of its Haptophyta group declined with Cu exposure.
Haptophyta is an important group in the oceans, especially calcifying Haptophyta (coccolithophores)
which have a strong effect on the global carbon cycles (Tsuji and Yoshida, 2017). The abundance of other
algal groups (Chlorophyta, Rhodophyta and Dinophyta) was also reduced by Cu exposure, but only to a
lower extent.

We conclude that Cu effects on the aforementioned algal classes caused the observed
decrease of total algal biomass and photosynthetic activity (Figure 1), which goes together well with
previous studies that have demonstrated Cu toxicity to photosynthesis and algal growth at low
concentrations, e.g. (Pérez et al., 2010).

Ciliphora, a group of protozoa in the Alveolata superphylum, decreased in abundance under
Cu exposure (Figure 5), which confirms previous results on the sensitivity of protozoa to Cu (Madoni et
al., 1996; Yang et al., 2018). However, in general, little is known about the sensitivity of periphytic
protozoa to Cu, metals and other pollutants, most likely because their identification is difficult using
classic, microscope-based methods. The use of DNA metabarcoding appears to be able to overcome these
limitations and provide a new tool to investigate protozoa in ecotoxicological studies.

The abundances of most taxa from the Metazoa class (Crustacea, Cnidaria or Rotifera)
were negatively correlated to Cu exposure (Figure 5). The sensitivity of Metazoa (i.e. Nematodes) to Cu
and other environmental factors is well established (Bongers and Ferris, 1999; Boyd and Williams, 2003).
This group of micro-eukaryotes eats particulate organic detritus, bacteria, algae, fungi and protozoans.

Hence, they act as regulators of decomposition and therefore play a key role in nutrient cycling and
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dynamics (Boyd and Williams, 2003; Stelzer, 2011). Hence, direct Cu effects on Metazoa impact broader
trophic interactions in periphyton biofilms, as demonstrated in the network analyses (Figure 6). Cu
changed the network of associations between various taxa in the communities (Figure 6, Supplementary
Table S3) suggesting that the trophic chain interactions and the microbial loop in periphyton biofilms will
be altered under Cu exposure.

Even though DNA metabarcoding has emerged as a prominent technique to detect a large
number of taxa in an environmental sample (Hebert et al., 2003), the technique also has its limitations.
The choice of primers affects the biodiversity assessment, and a perfectly universal primer is difficult or
even impossible to design (Hugerth et al., 2014; Klindworth et al., 2013; Zhang et al., 2018). To overcome
these limitations, a combination of many specific primers to target each of the eukaryotic kingdoms (e.g.
ITS gene to target fungi (Nilsson et al., 2009), 23S gene to target algae (Sherwood et al., 2008) or COI to
target invertebrates (Leray and Knowlton, 2015)) might provide an improved resolution and less bias.

In this study, we chose the V3 region of the 16S rRNA gene to target bacteria and the V9
region of the 18S rRNA to target eukaryotes. Both regions are widely used in DNA metabarcoding of
microbial communities in various ecosystems (Amaral-Zettler et al., 2009; Corcoll et al., 2017;
Klindworth et al., 2013; Yang et al., 2018). However, the region V4 of the 18S rRNA gene has been
suggested as an alternative to the V9 region, in order to capture more diversity (Hugerth et al., 2014;
Pernice et al., 2013). Another limitation of current metabarcoding approaches, specifically with respect to
marine microbial communities is the low coverage in public sequence repositories for many natural

microorganisms, and especially microeukaryotes (Bik et al., 2012; Sanli et al., 2015).

To conclude, this study allowed us to detected changes in pro- and eu-karyote community
composition already at 0.01 uM and 0.06 pM Cu, respectively. These effect concentrations are
environmentally realistic (Egardt et al., 2018) and are below the current environmental quality standards
(EQS) for copper on the Swedish west coast (HVMEFS, 2015). Hence, observed mesocosm results suggest
that the current Cu EQS for the marine environment are not protective for prokaryotic and eukaryotic
microbial organisms in marine biofilms. Our results provide new information of how copper pollution
affects microbial biodiversity and community composition in the marine environment, data that will aid
the setting of appropriate environmental quality standards. Furthermore, this work shows the robustness
and the promising potential of DNA metabarcoding as a sensitive tool for community-level
ecotoxicological studies that allows to observe impacts simultaneously on a multitude of pro- and

eukaryotic species, and therefore to identify particularly sensitive, non-cultivable species and taxa.

AUTHOR CONTRIBUTIONS

14

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.27129v1 | CC BY 4.0 Open Access | rec: 20 Aug 2018, publ: 20 Aug 2018




455
456
457
458
459

460
461
462
463

464
465
466
467
468

469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495

NC, ME and TB designed the work. NC and ME performed the experiment. NC, ME and JW processed
the samples and performed the analyses. NC wrote the first draft of the paper and all authors (NC, ME,
TB, JW and XZ) discussed, interpreted the results and contributed to producing the paper.

FUNDING

This study was financed by the Swedish Research Council Formas (project NICE grant No. 2011-1733,
project HerbEvol grant No. 2015-1464), the European Commission (project SOLUTIONS, grant
agreement 603437), the Swedish foundation “Stiftelsen Brigit och Birger Wahlstroms minnesfond for den
Bohuslédnska havs- och insjomiljon” and the Royal Swedish Academy of Sciences (KVA).

ACKNOWLEDGMENTS
The authors would like to thank the support received by all staff at the Sven Lovén Centre of Marine
Sciences—Kristineberg and the students Hadrien Kronenberger and Carina Platsen for their help to conduct

the experiment.

REFERENCES

Alzieu, C. (2000). Environmental impact of TBT: The French experience. Sci. Total Environ. 258, 99—
102. doi:10.1016/S0048-9697(00)00510-6.

Amara, ., Miled, W., Slama, R. Ben, and Ladhari, N. (2018). Antifouling processes and toxicity effects of
antifouling paints on marine environment. A review. Environ. Toxicol. Pharmacol. 57, 115-130.
doi:10.1016/j.etap.2017.12.001.

Amaral-Zettler, L. A., McCliment, E. A., Ducklow, H. W., and Huse, S. M. (2009). A method for studying
protistan diversity using massively parallel sequencing of V9 hypervariable regions of small-subunit
ribosomal RNA Genes. PLoS One 4, 1-9. doi:10.1371/journal .pone.0006372.

Ancion, P. Y, Lear, G., and Lewis, G. D. (2010). Three common metal contaminants of urban runoff (Zn,
Cu & Pb) accumulate in freshwater biofilm and modify embedded bacterial communities. Environ.
Pollut. 158,2738-2745. doi:10.1016/j.envpol.2010.04.013.

Barranguet, C., Charantoni, E., Plans, M., and Admiraal, W. (2000). Short-term response of monospecific
and natural algal biofilms to copper exposure. Eur. J. Phycol. 35, 397-406.
doi:10.1080/09670260010001736001.

Barranguet, C., van den Ende, F. P., Rutgers, M., Breure, A. M., Greijdanus, M., Sinke, J. J., et al. (2003).
Copper-induced modifications of the trophic relations in riverine algal-bacterial biofilms. Environ.
Toxicol. Chem. 22, 1340-9.

Battin, T. J., Kaplan, L. a, Denis Newbold, J., and Hansen, C. M. E. (2003). Contributions of microbial
biofilms to ecosystem processes in stream mesocosms. Nature 426,439-42.
doi:10.1038/nature02152.

Bik, H. M., Porazinska, D. L., Creer, S., Caporaso, J. G., Knight, R., and Thomas, W. K. (2012).
Sequencing our way towards understanding global eukaryotic biodiversity. Trends Ecol. Evol. 27,
233-243. doi:10.1016/j.tree.2011.11.010.

Blanck, H., Wingberg, S.-A., and Molander, S. (1988). “Pollution induced community tolerance — a new
ecotoxicological tool,” in Functional Testing of Aquatic Biota for Estimating Hazards of Chemicals,

15

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.27129v1 | CC BY 4.0 Open Access | rec: 20 Aug 2018, publ: 20 Aug 2018




496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546

ASTMSTP 988,ed.J.J. & J.R. P. In Cairns (Philadelphia: American Society for Testing and
Materials), 219-230.

Bongers, T., and Ferris, H. (1999). Nematode community structure as a bioindicator in environmental
monitoring. Trends Ecol. Evol. 14,224-228. doi:10.1016/S0169-5347(98)01583-3.

Boyd, W. A., and Williams, P. L. (2003). Comparison of the sensitivity of three nematode species to
copper and their utility in aquatic and soil toxicity tests. Environ. Toxicol. Chem. 22,2768-2774.
doi:10.1897/02-573.

Briand, J. F., Barani, A., Garnier, C., Réhel, K., Urvois, F., LePoupon, C., et al. (2017). Spatio-Temporal
Variations of Marine Biofilm Communities Colonizing Artificial Substrata Including Antifouling
Coatings in Contrasted French Coastal Environments. Microb. Ecol. 74, 585-598.
doi:10.1007/s00248-017-0966-2.

Caporaso, J. G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F. D., Costello, E. K., et al. (2010).
correspondence QIIME allows analysis of high- throughput community sequencing data Intensity
normalization improves color calling in SOLiD sequencing. Nat. Publ. Gr.7, 335-336.
doi:10.1038/nmeth0510-335.

Chao, A. 1984. Non-parametric estimation of the number of classes in a population. Scandinavian

Journal of Statistics, 11:265-270.

Cervantes, C., and Gutierrezcorona, F. (1994). Copper Resistance Mechanisms in Bacteria and Fungi.
FEMS Microbiol Rev 14,121-137.

Clements, W. H., Brooks, M. L., Kashian, D. R., and Zuellig, R. E. (2008). Changes in dissolved organic
material determine exposure of stream benthic communities to UV-B radiation and heavy metals:
Implications for climate change. Glob. Chang. Biol. 14,2201-2214. doi:10.1111/j.1365-
2486.2008.01632.x.

Corcoll, N., Acuiia, V., Barceld, D., Casellas, M., Guasch, H., Huerta, B., et al. (2014). Pollution-induced
community tolerance to non-steroidal anti-inflammatory drugs (NSAIDs) in fluvial biofilm
communities affected by WWTP effluents. Chemosphere 112.
doi:10.1016/j.chemosphere.2014.03.128.

Corcoll, N., Casellas, M., Huerta, B., Guasch, H., Acuia, V., Rodriguez-Mozaz, S., et al. (2015). Effects
of flow intermittency and pharmaceutical exposure on the structure and metabolism of stream
biofilms. Sci. Total Environ. 503-504. doi:10.1016/j.scitotenv.2014.06.093.

Corcoll, N., Osterlund, T., Sinclair, L., Eiler, A., Kristiansson, E., Backhaus, T., et al. (2017). Comparison
of four DNA extraction methods for comprehensive assessment of 16S rRNA bacterial diversity in
marine biofilms using high-throughput sequencing. FEMS Microbiol. Lett. 364.
doi:10.1093/femsle/fnx139.

Cottrell, M. T., and Kirchman, D. L. (2000). Community Composition of Marine Bacterioplankton
Determined by 16S rRNA Gene Clone Libraries and Fluorescence In Situ Hybridization. Appl.
Environ. Microbiol. 66,5116-5122. doi:10.1128/aem.66.12.5116-5122.2000.

DeSantis, T. Z., Hugenholtz, P., Larsen, N., Rojas, M., Brodie, E. L., Keller, K., et al. (2006). Greengenes,
a chimera-checked 16S rRNA gene database and workbench compatible with ARB. Appl. Environ.
Microbiol. 72, 5069-5072. doi:10.1128/AEM.03006-05.

Directive 2000/60/EC Of the European parliament and of the council of 23 October 2000,

Establishing a Framework for Community Action in the Field of Water Policy.

Edgar, R. C. (2013). UPARSE: Highly accurate OTU sequences from microbial amplicon reads. Nat.
Methods 10,996-998. doi:10.1038/nmeth.2604.

Egardt, J., Mgrk Larsen, M., Lassen, P., and Dahll&f, 1. (2018). Release of PAHs and heavy metals in
coastal environments linked to leisure boats. Mar. Pollut. Bull. 127, 664—671.
doi:10.1016/j.marpolbul.2017.12.060.

Eriksson, K. M., Antonelli, a, Nilsson, R. H., Clarke, a K., and Blanck, H. (2009a). A phylogenetic
approach to detect selection on the target site of the antifouling compound irgarol in tolerant
periphyton communities. Environ. Microbiol. 11,2065-77. doi:10.1111/j.1462-2920.2009.01928 .x.

Eriksson, K. M., Clarke, A. K., Franzen, L. G., Kuylenstierna, M., Martinez, K., and Blanck, H. (2009b).

16

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.27129v1 | CC BY 4.0 Open Access | rec: 20 Aug 2018, publ: 20 Aug 2018




547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597

Community-level analysis of psbA gene sequences and irgarol tolerance in marine periphyton. Appl.
Environ. Microbiol. 75, 897-906. doi:10.1128/ AEM.01830-08.

Eriksson, M. K. (2008). Impact of antifouling Compounds on Photosynthesis, Community Tolerance and
psbA Genes in Marine Periphyton.

Festa, R. A., and Thiele, D. J. (2011). Copper: An essential metal in biology. Curr. Biol. 21, R877-R883.
doi:10.1016/j.cub.2011.09.040.

Gardham, S., Hose, G. C., Stephenson, S., and Chariton, A. A. (2014). DNA Metabarcoding Meets
Experimental Ecotoxicology: Advancing Knowledge on the Ecological Effects of Copper in
Freshwater Ecosystems. 1st ed. Elsevier Ltd. doi:10.1016/B978-0-08-099970-8.00007-5.

Giner-Lamia, J., Pereira, S. B., Bovea-Marco, M., Futschik, M. E., Tamagnini, P., and Oliveira, P. (2016).
Extracellular proteins: Novel key components of metal resistance in cyanobacteria? Front.
Microbiol. 7, 1-8. doi:10.3389/fmicb.2016.00878.

Gongalves, S., Kahlert, M., Almeida, S. F. P., and Figueira, E. (2018). Science of the Total Environment
Assessing Cu impacts on freshwater diatoms : biochemical and metabolomic responses of Tabellaria
fl occulosa ( Roth ) Kiitzing. Sci. Total Environ. 625, 1234-1246.
doi:10.1016/j.scitotenv.2017.12.320.

Guasch, H., Artigas, J., Bonet, B., Bonnineau, C., Canals, O., Corcoll, N., et al. (2016). “The use of
biofilms to assess the effects of chemicals on freshwater ecosystems,” in Aquatic Biofilms: Ecology,
Water Quality and Wastewater Treatment, ed. M. D. Romani, A.M., Guasch, H., Balaguer (Norfolk,
UK: Caister Academic Press), 126—-144.

Gustavson, K., Petersen, S., Pedersen, B., Stuer-Lauridsen, F., Pedersen, S., and Wingberg, S. A. (1999).
Pollution-induced community tolerance (PICT) in coastal phytoplankton communities exposure to
copper. Hydrobiologia 416, 125-138. doi:10.1023/A:1003811419842.

Gustavsson, M., Kreuger, J., Bundschuh, M., and Backhaus, T. (2017). Pesticide mixtures in the Swedish
streams: Environmental risks, contributions of individual compounds and consequences of single-
substance oriented risk mitigation. Sci. Total Environ. 598, 973-983.
doi:10.1016/j.scitotenv.2017.04.122.

Hebert, P. D. N., Cywinska, A., Ball, S. L., and deWaard, J. R. (2003). Biological identifications through
DNA barcodes. Proc. R. Soc. B Biol. Sci. 270, 313-321. doi: 10.1098/rspb.2002.2218.

Hugerth, L. W., Muller, E.E. L., Hu, Y. O. O., Lebrun, L. A. M., Roume, H., Lundin, D., et al. (2014).

Systematic design of 18S rRNA gene primers for determining eukaryotic diversity in microbial consortia.

PLoS One 9. doi: 10.1371/journal .pone.0095567.

HVMEFS (2015). Havs- och vattenmyndighetens foreskrifterom dndring i Havs-och vattenmyndighetens
foreskrifter (HVFES 2013:19) om klassificiering och miljokvalitetsnormer avseende ytvatten. Hvmyfs
2013 19, 185.

Jespersen, A.-M., and Christoffersen, K. (1987). Measurements of chlorophyll-a from phytoplankton
using ethanol as extraction solvent. Arch. Hydrobiol. 109, 445-454.

Klindworth, A., Pruesse, E., Schweer, T., Peplies, J., Quast, C., Horn, M., et al. (2013). Evaluation of
general 16S ribosomal RNA gene PCR primers for classical and next-generation sequencing-based
diversity studies. Nucleic Acids Res. 41, 1-11. doi:10.1093/nar/gks808.

Leray, M., and Knowlton, N. (2015). DNA barcoding and metabarcoding of standardized samples reveal
patterns of marine benthic diversity. Proc. Natl. Acad. Sci. 112,2076-2081.
doi:10.1073/pnas.1424997112.

Lock, M. (1993). “Attached microbial communities in rivers,” in Aquatic Microbiology: An Ecological
Approach (Oxford: Blackwell Scientific Publications,), 113-138.

Madoni, P., Vescovi, L., and Emilia, R. (1996). Toxic effect of heavy metals on the activated sludge
protozoan community. Water Res. 30, 135-141.

Massieux, B., Boivin, M. E. Y., Ende, F. P. Van Den, Langenskio, J., and Marvan, P. (2004). Analysis of
Structural and Physiological Profiles To Assess the Effects of Cu on Biofilm Microbial
Communities. Appl. Environ. Microbiol. 70, 4512-4521. doi:10.1128/AEM.70.8.4512.

Meylan, S., Behra, R., and Sigg, L. (2004). Influence of metal speciation in natural freshwater on

17

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.27129v1 | CC BY 4.0 Open Access | rec: 20 Aug 2018, publ: 20 Aug 2018




598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648

bioaccumulation of copper and zinc in periphyton: a microcosm study. Environ. Sci. Technol. 38,
3104-11.

Misson, B., Garnier, C., Lauga, B., Dang, D. H., Ghiglione, J. F., Mullot, J. U, et al. (2016). Chemical
multi-contamination drives benthic prokaryotic diversity in the anthropized Toulon Bay. Sci. Total
Environ. 556, 319-329. doi:10.1016/j.scitotenv.2016.02.038.

Nilsson, R. H., Ryberg, M., Abarenkov, K., Sjokvist, E., and Kristiansson, E. (2009). The ITS region as a
target for characterization of fungal communities using emerging sequencing technologies. FEMS
Microbiol. Lett. 296,97-101. doi:10.1111/j.1574-6968.2009.01618.x.

Oliver, T. H., Heard, M. S., Isaac, N. J. B, Roy, D. B., Procter, D., Eigenbrod, F., et al. (2015).
Biodiversity and Resilience of Ecosystem Functions. Trends Ecol. Evol. 30, 673-684.
doi:10.1016/j.tree.2015.08.009.

Oursel, B., Garnier, C., Durrieu, G., Mounier, S., Omanovi¢, D., and Lucas, Y. (2013). Dynamics and
fates of trace metals chronically input in a Mediterranean coastal zone impacted by a large urban
area. Mar. Pollut. Bull. 69, 137-149. doi:10.1016/j.marpolbul.2013.01.023.

Pandey, P. K., Singh, C. B., and Singh, S. P. (1992). Cu uptake in a cyanobacterium: Fate of selected
photochemical reactions. Curr. Microbiol. 24, 35-39. doi:10.1007/BF01570097.

Parks, R., Donnier-Marechal, M., Frickers, P. E., Turner, A., and Readman, J. W. (2010). Antifouling
biocides in discarded marine paint particles. Mar. Pollut. Bull. 60, 1226—1230.
doi:10.1016/j.marpolbul.2010.03.022.

Pérez, P., Beiras, R., and Ferndndez, E. (2010). Monitoring copper toxicity in natural phytoplankton
assemblages: application of Fast Repetition Rate fluorometry. Ecotoxicol. Environ. Saf. 73, 1292—
1303. doi:10.1016/j.ecoenv.2010.06.008.

Pernice, M. C., Logares, R., Guillou, L., and Massana, R. (2013). General Patterns of Diversity in Major
Marine Microeukaryote Lineages. PLoS One 8. doi:10.1371/journal .pone.0057170.

Porsbring, T., Arrhenius, A.°, Backhaus, T., Kuylenstierna, M., Scholze, M., and Blanck, H. (2007). The
SWIFT periphyton test for high-capacity assessments of toxicant effects on microalgal community
development. J. Exp. Mar. Bio. Ecol. 349, 299-312. do0i:10.1016/j.jembe.2007.05.020.

Pruesse, E., Quast, C., Knittel, K., Fuchs, B. M., Ludwig, W., Peplies, J., et al. (2007). SILVA: A
comprehensive online resource for quality checked and aligned ribosomal RNA sequence data
compatible with ARB. Nucleic Acids Res. 35, 7188-7196. doi:10.1093/nar/gkm864.

R Core Team (2013). R: A language and environment for statistical computing. R foundation for statistical
computing. R Found. Stat. Comput. Vienna, Austria. URL http//www .R-project.org/.

Ritz, M. C. (2016). Package ‘ drc .’

Roy, S., Llewellyn, C., Skarstad Egeland, E., and Johnsen, G. (2011). Phytoplankton pigments:
characterization, chemotaxonomy, and applications in oceanography. ,eds. S. Roy, C. Llewellyn, E.
Skarstad Egeland, and G. Johnsen Cambridge, UK: Cmbridge University Press.

Ruiz-Gonzélez, C., Lefort, T., Massana, R., Sim6, R., and Gasol, J. M. (2012). Diel changes in bulk and
single-cell bacterial heterotrophic activity in winter surface waters of the northwestern
Mediterranean sea. Limnol. Oceanogr. 57, 29-42. doi:10.4319/10.2012.57.1.0029.

Sabater, S., Guasch, H., Ricart, M., Romani, A., Vidal, G., Kliinder, C., et al. (2007). Monitoring the
effect of chemicals on biological communities. The biofilm as an interface. Anal. Bioanal. Chem.
387, 1425-34. doi:10.1007/s00216-006-1051-8.

Salta, M., Wharton, J. A., Blache, Y., Stokes, K. R., and Briand, J.-F. (2013). Marine biofilms on artificial
surfaces: structure and dynamics. Environ. Microbiol. 15, n/a-n/a. doi:10.1111/1462-2920.12186.

Sanli, K., Bengtsson-Palme, J., Nilsson, R. H., Kristiansson, E., Alm Rosenblad, M., Blanck, H., et al.
(2015). Metagenomic sequencing of marine periphyton: taxonomic and functional insights into
biofilm communities. Front. Microbiol. 6, 1-14. doi:10.3389/fmicb.2015.01192.

Schiff, K., Brown, J., Diehl, D., and Greenstein, D. (2007). Extent and magnitude of copper contamination
in marinas of the San Diego region, California, USA. Mar. Pollut. Bull. 54, 322-328.
doi:10.1016/j.marpolbul.2006.10.013.

Serra, A., Corcoll, N., and Guasch, H. (2009). Copper accumulation and toxicity in fluvial periphyton:

18

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.27129v1 | CC BY 4.0 Open Access | rec: 20 Aug 2018, publ: 20 Aug 2018




649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699

The influence of exposure history. Chemosphere 74,633-641.
doi:10.1016/j.chemosphere.2008.10.036.

Sherwood, A.R., Chan, Y. L., and Presting, G. G. (2008). Application of universally amplifying plastid
primers to environmental sampling of a stream periphyton community. Mol. Ecol. Resour. 8,1011—
1014. doi:10.1111/j.1755-0998.2008.02138 .x.

Soldo, D., and Behra, R. (2000). Long-term effects of copper on the structure of fresh water periphyton
communities and tolerance to copper, zinc, nickel and silver. Aquat. Toxicol. 47, 181-189.

Stelzer, C. P. (2011). A first assessment of genome size diversity in Monogonont rotifers. Hydrobiologia
662, 77-82. doi:10.1007/s10750-010-0487-1.

Steven, B., Mccann, S., and Ward, N. L. (2012). Pyrosequencing of plastid 23S rRNA genes reveals
diverse and dynamic cyanobacterial and algal populations in two eutrophic lakes. FEMS Microbiol.
Ecol. 82,607-615. doi:10.1111/j.1574-6941.2012.01429 x.

Sundbick, K., Linares, F., Larson, F., Wulff, A., and Engelsen, A. (2004). Benthic nitrogen fluxes along a
depth gradient in a microtidal fjord : The role of denitrification and microphytobenthos. 49, 1095—
1107.

Thomas, K. V., and Brooks, S. (2010). The environmental fate and effects of antifouling paint biocides.
Biofouling 26, 73-88. doi:10.1080/08927010903216564.

Tilman, D., and Downing, J. A. (1994). Biodiversity and stability in grasslands. Nature 367, 363-365.
doi:10.1038/367363a0.

Tlili, A., Berard, A., Blanck, H., Bouchez, A., Cassio, F., Eriksson, K. M., et al. (2015). Pollution-induced
community tolerance (PICT): towards an ecologically relevant risk assessment of chemicals in
aquatic systems. Freshw. Biol., n/a-n/a. doi:10.1111/fwb.12558.

Tlili, A., Berard, A., Blanck, H., Bouchez, A., Cassio, F., Eriksson, K. M., et al. (2016). Pollution-induced
community tolerance (PICT): towards an ecologically relevant risk assessment of chemicals in
aquatic systems. Freshw. Biol. 61,2141-2151. doi:10.1111/fwb.12558.

Tlili, A., Bérard, A., Roulier, J.-L., Volat, B., and Montuelle, B. (2010). PO43- dependence of the
tolerance of autotrophic and heterotrophic biofilm communities to copper and diuron. Aguat.
Toxicol. 98, 165-77. doi:10.1016/j.aquatox.2010.02.008.

Tlili, A., Marechal, M., Montuelle, B., Volat, B., Dorigo, U., and Bérard, A. (2011). Use of the
MicroResp™ method to assess pollution-induced community tolerance to metals for lotic biofilms.
Environ. Pollut. 159, 18-24. doi:10.1016/j.envpol.2010.09.033.

Torstensson, A., Dinasquet, J., Chierici, M., Fransson, A., Riemann, L., and Wulff, A. (2015).
Physicochemical control of bacterial and protist community composition and diversity in Antarctic
sea ice. Environ. Microbiol. 17, 3869-3881. doi:10.1111/1462-2920.12865.

Tsuji, Y., and Yoshida, M. (2017). Biology of Haptophytes: Complicated Cellular Processes Driving the
Global Carbon Cycle. Adv. Bot. Res. 84,219-261. doi:10.1016/bs.abr.2017.07.002.

Waldron, K. J., Rutherford, J. C., Ford, D., and Robinson, N. J. (2009). Metalloproteins and metal sensing.
Nature 460, 823-830. doi: 10.1038/nature08300.

Wang, Q., Garrity, G. M., Tiedje, J. M., and Cole, J. R. (2007). Naive Bayesian classifier for rapid
assignment of rRNA sequences into the new bacterial taxonomy. Appl. Environ. Microbiol. 73,
5261-5267. doi:10.1128/AEM.00062-07.

Wasmund, N. (1993). Ecology and Bioproduction in the Microphytobenthos of the Chain of Shallow
Inlets (Boddens) South of the Darss-Zingst Peninsula (Southern Baltic Sea). Int. Rev. Total
Hydrbiology 71, 153-178. d0i:10.1117/12.813996.

Yang, J., Xie, Y., Jeppe, K., Long, S., Pettigrove, V., and Zhang, X. (2018). Sensitive community
responses of microbiota to copper in sediment toxicity test. Environ. Toxicol. Chem. 37,599-608.
doi:10.1002/etc.3980.

Yebra, D. M., Kiil, S., and Dam-Johansen, K. (2004). Antifouling technology - Past, present and future
steps towards efficient and environmentally friendly antifouling coatings. Prog. Org. Coatings 50,
75-104. doi: 10.1016/j.porgcoat.2003.06.001.

Zhang, X.-X., Zhang, T., and Fang, H. H. P. (2009). Antibiotic resistance genes in water environment.

19

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.27129v1 | CC BY 4.0 Open Access | rec: 20 Aug 2018, publ: 20 Aug 2018




700
701
702
703
704
705
706
707
708
709

Appl. Microbiol. Biotechnol. 82,397-414. doi:10.1007/s00253-008-1829-z.

Zhang, X., Xia, P., Wang, P., Yang, J., and Baird, D.J. (2018). Omics Advances in Ecotoxicology.
Environ. Sci. Technol. 52, 3842-3851. doi:10.1021/acs.est.7b06494.

Zhao, J., Wu,J., Li, X., Wang, S., Hu, B., and Ding, X. (2017). The denitrification characteristics and
microbial community in the cathode of an mfc with aerobic denitrification at high temperatures.
Front. Microbiol. 8, 1-11. doi:10.3389/fmicb.2017.00009.

20

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.27129v1 | CC BY 4.0 Open Access | rec: 20 Aug 2018, publ: 20 Aug 2018




710
711

712 Table 1. Sequencing information for each sample. Core OTUs means the OTU was detected by all of the
713  three samples in the same treatment.

714
Prokaryote Eukaryota
Cu Raw High Core Raw High quality Core
(M) sequences qu;gtsy OTUs OTUs sequences reads OTUs OTUs
0 401492 352513 10673 298545 287308 1359
0 421254 370057 10598 7343 314776 304546 1298 1048
0 529896 463714 10729 371406 355285 1372
0.01 499314 437519 10842 397999 380767 1446
0.01 481209 428187 10355 7137 367233 353131 1353 1095
0.01 485444 435963 10052 333989 321285 1429
0.06 520732 458352 10448 351999 338684 1398
0.06 445386 386729 10675 7354 308046 295090 1378 1211
0.06 539309 470684 10615 405241 389808 1498
0.32 553859 493324 9830 353213 339263 1340
0.32 594508 531872 9925 6802 409692 395912 1333 1037
0.32 354786 312126 9953 250921 241191 1334
1.78 392169 353045 7214 321938 312893 1138
1.78 385956 352677 6781 4537 347776 338072 1033 742
1.78 357418 326682 6934 327889 319083 1070
10 236199 209893 8161 160531 155115 856
10 500776 445464 7994 5137 323477 314640 891 558
10 310783 280497 7514 220522 213568 838
Total 8010490 7109298 17445 11549 5865193 5655641 2151 1618
715
716
717
718
719
720
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721  Table 2. Mean Unifrac distance between Cu treatments. “*” means p < 0.001 by MANOVA test.

722
723
724 Cu(uM) 0 00l 006 032 178 10
725 . 0 0.0409
726 22 001 00637 00518
727 ©E 006 0.1193* 0.1034* 00330
728 ZE 032 01281% 0.217F 01347% 00525
729 £S5 178  02107* 0.1983* 0.1895% 0.196* 0.0378
730 ° 10 02127* 0.2028* 0.1663* 0.2092* 0.2413* 00574
731
;gg 0 0.1296
&
o 001 03900% 0.1758

0.06 0.4496* 0.3794* 0.1249

0.32 04318* 0.4134* 0.2933* 0.1472

1.78 0.7605* 0.7346* 0.5675* 0.5112* 0.1637

10 0.9693* 0.9405* 0.7708* 0.7324* 0.5508* 0.0968

Eukaryote com
munities
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CAPTIONS

Fig. 1. A) Pigment profiles (HPLC analyses) presented as relative abundance of identified pigments in
average per treatment and in percentage of the control treatment. B) Chlorophyll a (Chl-a) concentration
(flurometric analyses) and photosynthetic activity in percentage of the control is showed in the left Y-axis
and community tolerance to Cu exposure is showed in the right Y-axis. Note: All values represent AVG +
SE; n=3 except in Fig. 1B where the EC50 for 1.78 was AVG + SE; n=2.

Fig. 2. Bar-plot of the species composition for bacterial community at class level recovered by amplicon-
based high throughput sequencing (left panel) and Principal component analysis (PCA) based on weighted
UniFrac distances of species composition for bacterial community (right panel). Note that Cu treatments:
0,0.01,0.06,0.32,1.78 and 10 are in uM Cu.

Fig. 3. Bar-plot of the species composition for eukaryotic community at class level recovered by
amplicon-based high throughput sequencing (left panel) and principal component analysis (PCA) based on
weighted UniFrac distances of species composition for eukaryotic community (right panel). Note that Cu
treatments: 0, 0.01,0.06,0.32, 1.78 and 10 are in M Cu.

Fig. 4. Prokaryotic abundance of taxa associated to 16S rRNA gene at different taxonomic levels (Phylum,
Class and Family) and Pearson correlations between Cu concentration and taxa abundance. Only the taxa
whose reads number more than 2000 were shown in the figure. Note: taxa abundance is presented in the
bar plots to the right and include all the taxa detected in the sequence database.

Fig. 5. Eukaryotic abundance of taxa associated to 18S rRNA gene at different taxonomic levels (Phylum
or Higher Taxonomic Group, Class and Family) and Pearson correlations between Cu concentration and
taxa abundance. Only the taxa whose reads number more than 2000 were shown in the figure.

Fig. 6. Network between prokaryotic and eukaryotic communities in different Cu exposure treatments: A
(control), B (0.01 uM Cu), C (0.06 yuM Cu), D (0.32 yuM Cu), E (1.78 pM Cu) and F (10 uM Cu).
Associations between taxa were generated by “Pearson” correlation analysis. Only correlations with a
correlation > 0.9 and a “two-tailed” P values < 0.01 were reserved. Correlation coefficients between two
nodes were labelled, the positive coefficient in yellow, while negative coefficient in green. The size of
node indicates the “betweenness centrality”.
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