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A B S T R A C T   

Pharmaceutical industry effluents are complex and highly variable in time. Assessing the efficiency of a phar-
maceutical industry wastewater treatment plant (WWTP) and the resulting decrease in effluent toxicity and 
ecological risk is thus not straightforward. We set up an original in situ pilot directly connected to a pharma-
ceutical WWTP to monitor the chronic toxicity of successive effluents using natural periphytic biofilms. Their 
structural and functional responses to effluent exposure were assessed by combining (i) a molecular approach to 
characterize the bacterial and diatom diversity and (ii) functional measurements of photosynthetic and enzyme 
activities. Effluent contamination by pharmaceuticals strongly decreased after the quaternary treatment (acti-
vated carbon). Most of the structural biological characteristics improved with cumulative WWTP treatment 
(bacterial diversity, microbial genetic structure, and biological diatom index), showing community recovery 
along the treatment process. However, functional parameters did not show clear links with treatment steps, 
suggesting that microbial activities were not solely driven by pharmaceuticals produced during the experimental 
period. Operationally, this type of pilot system offers a useful tool for biomonitoring approaches and offers new 
approaches for industrial managers to assess the ecological risk of production effluents in receiving water.   

1. Introduction 

Pharmaceuticals are regularly found in freshwater ecosystems 
worldwide at concentrations of ng/L to a few μg/L (Hughes et al., 2013; 
Patel et al., 2019). Considered as pollutants of emerging concern, 
pharmaceuticals can pose major ecological risks. Acute and long-term 
effects of several pharmaceuticals have been reported in microorgan-
isms, fauna and flora (Patel et al., 2019 and references therein). Among 
the sources of pharmaceutical contamination of aquatic ecosystems, 
domestic wastewater treatment plant (WWTP) effluents are most often 
studied (Luo et al., 2014). More specific sources such as effluents from 
pharmaceutical production plants have been much less studied (Cardoso 
et al., 2014). Pharmaceutical industry effluents are complex mixtures 
widely variable in time (Cardoso et al., 2014), making their ecotoxico-
logical risks difficult to predict since it depends on the composition and 

concentrations of pharmaceuticals (and their derivatives). Efficient 
wastewater treatment processes are needed to minimize ecotoxicologi-
cal risk in receiving waters, generally stream or river ecosystems. There 
is thus a need for innovative biomonitoring tools and strategies to assess 
the efficiency of wastewater treatment plants (WWTP) servicing phar-
maceutical production units by measuring the resulting decrease in 
effluent toxicity along the treatment process. 

In lotic systems, periphytic biofilms are highly structured microbial 
communities (Romaní, 2010) that dominate microbial life, drive 
important ecosystem processes and contribute substantially to global 
biogeochemical cycles (Battin et al., 2016). They are known to be nat-
ural early warning systems that detect acute and long-term effects pro-
duced by toxic micropollutants, including pharmaceuticals (Bonnineau 
et al., 2010; Chonova et al., 2018; Proia et al., 2013). Comprising both 
autotrophic and heterotrophic microorganisms exhibiting a broad range 

* Correspondence to: INRAE, UR Riverly, 5 rue de la Doua, CS 20244, 69625 Villeurbanne, France. 
** Corresponding author. 

E-mail addresses: vpm.tardy@gmail.com (V. Tardy), stephane.pesce@inrae.fr (S. Pesce).  

Contents lists available at ScienceDirect 

Journal of Hazardous Materials 

journal homepage: www.elsevier.com/locate/jhazmat 

https://doi.org/10.1016/j.jhazmat.2021.125121 
Received 6 November 2020; Received in revised form 17 December 2020; Accepted 8 January 2021   

mailto:vpm.tardy@gmail.com
mailto:stephane.pesce@inrae.fr
www.sciencedirect.com/science/journal/03043894
https://www.elsevier.com/locate/jhazmat
https://doi.org/10.1016/j.jhazmat.2021.125121
https://doi.org/10.1016/j.jhazmat.2021.125121
https://doi.org/10.1016/j.jhazmat.2021.125121
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhazmat.2021.125121&domain=pdf


Journal of Hazardous Materials 411 (2021) 125121

2

of sensitivity to many toxicants, these biofilms are suitable models to 
assess ecotoxicological risks and effects of pharmaceutical industry ef-
fluents by studying microbial responses to effluent exposure in terms of 
structure, diversity and function. 

The recent advances in DNA metabarcoding combined with high- 
throughput sequencing offer new perspectives to assess, quickly and 
accurately, the biological response of microbial communities in diverse 
environmental pollution contexts. This strategy has already been suc-
cessfully used to study the effects of effluents from urban and/or hospital 
WWTPs on the microbial structure and diversity of stream periphytic 
biofilms (Chonova et al., 2018, 2016a; Hladilek et al., 2016; Nega et al., 
2019a; Price et al., 2018). DNA metabarcoding also offers new oppor-
tunities to develop a next generation of biotic indices for ecological 
biomonitoring that offer a cost-effective alternative to conventional 
morphology-based biomonitoring tools (Cordier et al., 2019). Much 
effort has been expended to develop a diatom index from 
high-throughput sequencing datasets (Kermarrec et al., 2014; Rivera 
et al., 2018; Vasselon et al., 2017; Visco et al., 2015) and test its 
applicability as an indicator of stream ecological quality. Recently, 
Chonova et al. (2019) successfully used the Biological Diatom Index 
(BDI) calculated from sequencing datasets to evaluate, in the receiving 
stream, the ecologically adverse effects of effluents from a WWTP col-
lecting both urban and hospital wastewaters and containing high con-
centrations of pharmaceuticals. Chronic exposure to pharmaceuticals 
can also decrease periphytic bacterial diversity (Corcoll et al., 2015). 
Besides the community structure and diversity, microbial functional 
parameters reflect actual microbial contributions to ecosystem processes 
and have been successfully used as indicators of biofilm “health” (Cor-
coll et al., 2012; Guasch et al., 2016). More specifically, several studies 
have reported significant effects of pharmaceutical substances on both 
the photosynthetic and the enzyme activities of periphytic microbial 
biofilms (Proia et al., 2013a, 2013b; Rosi-Marshall et al., 2013). Rosi--
Marshall et al. (2013) also observed a significant reduction in respiration 
and photosynthesis in river biofilms exposed to a mixture of pharma-
ceutical compounds including antibiotics (e.g., ciprofloxacin) and anti-
histamines (e.g., diphenhydramine). Changes in microbial enzymatic 
activities may also affect ecosystem processes supported by periphyton: 
for instance, a short exposure to the antimicrobial triclosan was shown 
to reduce phosphate uptake capacity of periphyton in one experiment 
(Proia et al., 2013b). Metatranscriptomic analyses showed that 
sub-inhibitory concentrations of various pharmaceuticals altered the 
expression of genes involved in N, P and C cycling (Yergeau et al., 2012). 
Taken together, these results suggest that functional shifts in microbial 
communities are to be expected after river contamination by pharma-
ceuticals, even at low concentrations. 

Most previous studies on the effects of WWTP effluents on river 
biofilms were based on comparison between biofilms collected upstream 
and downstream of the effluent discharge point (Aubertheau et al., 
2017; Chonova et al., 2019, 2018, 2016a; Hladilek et al., 2016; Nega 
et al., 2019a; Price et al., 2018; Tlili et al., 2017). This experimental 
strategy, which has been applied mainly to urban and/or hospital 
WWTPs, highlights changes in the genetic structure and composition of 
microbial communities located downstream from WWTPs (Chonova 
et al., 2019, 2018; Nega et al., 2019a; Price et al., 2018). However, this 
type of strategy can be limiting because many environmental factors 
inherent to river morphology and characteristics (e.g., luminosity, flow 
rate, physical and chemical characteristic of water and sediments, and 
biotic interactions with other organisms) can influence the structure, 
diversity, and functions of natural periphytic biofilms and modify their 
characteristics between upstream and downstream sampling sites. Dis-
entangling in situ the effects of WWTP effluents from the environmental 
factors in the responses of river biofilms thus remains challenging and 
needs a robust sampling strategy to optimize sample representativeness 
with respect to environmental complexity and heterogeneity in the 
sampling area. 

Innovative approaches are required to improve ecological risk 

assessment of effluents from WWTPs servicing pharmaceutical produc-
tion sites. For this purpose, we developed, implemented and tested an 
innovative experimental set-up directly connected to a Sanofi pharma-
ceutical industry WWTP to assess both functional and structural re-
sponses of natural periphytic biofilms to effluent exposure along the 
WWTP treatment steps, during a 3-week exposure period. It comprised 
five sets of three replicate artificial outdoor channels (i.e. five channel 
conditions) continuously filled with wastewater collected after second-
ary, tertiary and quaternary WWTP treatment steps and with the adja-
cent stream surface water collected immediately upstream (i.e. 
reference station) and downstream from the final effluent discharge 
point (i.e. after the quaternary). Microbial responses to the different 
exposure conditions were assessed by combining (i) a molecular 
approach to characterize the bacterial and diatom diversity by high- 
throughput sequencing and (ii) functional measurements of photosyn-
thetic and enzyme potential activities. We also determined the Specific 
Pollution-sensitivity Index (SPI; Cemagref, 1982) from the diatom 
sequencing datasets (Mortágua et al., 2019) to appraise the suitability of 
this biological index in a context of pollution by pharmaceuticals and by 
wastewater from pharmaceutical production units. Selected pharma-
ceuticals were monitored in the different channels throughout the 
experiment using Polar Organic Chemical Integrative Samplers 
(POCISs). 

The main aim of this study was to test the relevance of this original 
set-up to assess the efficiency of pharmaceutical plant wastewater 
treatment and the decreasing effluent toxicity to periphytic biofilms. 
Accordingly, we considered the following hypotheses: (i) most of the 
effluent toxicity would be due to pharmaceuticals, (ii) pharmaceutical 
concentrations in effluents would decrease along the successive WWTP 
treatment steps, and following on from these first two hypotheses, that 
(iii) the occurrence and magnitude of structural and functional changes 
in microbial biofilms compared to biofilm exposed to stream water from 
the upstream reference station would decrease along the WWTP treat-
ment steps. Lastly, we make some recommendations on the use of 
periphytic biofilms in the development of biomonitoring approaches for 
industrial environmental management. 

2. Materials and methods 

2.1. Study site 

An outdoor pilot system was set up in the wastewater treatment unit 
of a Sanofi pharmaceutical production unit located in France in which 
more than 75 different active substances are manufactured every year. 
This unit comprises four successive treatments: physical-chemical 
decantation (primary treatment), activated sludge treatment (second-
ary treatment (T2)), flocculation (tertiary treatment (T3)), and an acti-
vated carbon treatment (quaternary treatment (T4)). The treated 
effluents are finally discharged into a river in compliance with French 
regulatory requirements. 

2.2. In situ experimental set-up 

The experimental set-up was built in March 2018 according to the 
scheme in Fig. 1. Briefly, effluents from the secondary (T2), tertiary (T3) 
and quaternary (T4) treatments were routed by immersed pumps into 
two successive cooling systems to decrease and homogenize their 
respective temperatures and come closer to the temperature of water 
from the adjacent river (to obtain comparable temperature conditions 
between the different channel conditions). The first cooling system 
consisted of a 1 m3 water tank associated with four constantly running 
water coolers. The three effluents were then routed into a second cooling 
system, consisting of a 8 m3 water basin continuously filled with water 
collected from the adjacent river collected upstream the final effluent 
discharge point by a non-submersible water pump (Fig. 1). 

After the two cooling steps, each effluent was discharged (at a 
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theoretical flow rate of 0.5 m3 h− 1) into a high-density polyethylene 
channel set (1.33 m long × 0.46 m wide) subdivided into three replicate 
channels. In each channel, periphytic biofilms were submerged in a 
layer of 4 cm of water continuously replenished and collected in a 
receiving tank (0.15 m long × 0.46 m wide × 0.45 m deep, one per 
channel set) containing Polar Organic Chemical Integrative Samplers 
(POCISs) to monitor pharmaceuticals throughout the experiment (see 
Section 2.3). Two similar channel sets were used as treatments contin-
uously filled with water from the adjacent river, which was respectively 
collected (i) upstream from the final WWTP effluent discharge point (i.e. 
control channel condition, Up) and (ii) downstream from the final 
WWTP effluent discharge point (Do) using non-submersible water 
pump. The distance between the two sampling sites is of 30 m. 

The effluents from the five channel conditions (i.e. T2, T3, T4, Up 
and Do) were discharged by overflow and mixed in a single retention 
channel before routing back to the secondary WWTP process. 

2.3. Experimental monitoring 

Before the start of the channel experiment, natural periphytic bio-
films were grown on low-density polyethylene membranes (30 m long ×
4 cm wide) vertically attached in plastic crates and immersed for 27 
days (March 8–April 4, 2018) in the upstream station of the adjacent 
receiving river. After this in situ colonization period, membranes were 
collected and cut to generate sections 30 cm long, which were randomly 
distributed in the 15 artificial channels. Four colonized membrane 

sections were then fixed to the bottom of each channel, using glass 
ballast, and POCISs were immersed for 14 days in the receiving tank of 
each channel set (two POCISs per channel condition). After collection, 
POCISs were collected and stored at − 20 ◦C before chemical analysis. 

Throughout the 20-day experiment, water temperature in each 
channel condition was recorded every hour using a dedicated sensor 
(HOBO Pendant Temp Light - 64K, Prosensor, France). Biofilms were 
sampled every week on Days 7 (D7), 13 (D13) and 20 (D20). For this 
purpose, one colonized membrane was collected in each channel (i.e., 
three replicates per channel condition) and stored at ambient tempera-
ture in 5 L of water from its original channel for later laboratory anal-
ysis. In parallel, pH (pH 3210-SenTix 41, WTW™), dissolved oxygen 
(ProODO, YSI™), conductivity (Cond 3210-TetraCon 325, WTW™) and 
flow were measured in each channel at each biofilm sampling time. 
Water samples were also collected and stored at − 20 ◦C for analysis of 
physical and chemical parameters. 

2.4. Physical and chemical analyses 

2.4.1. Extraction and characterization of pharmaceuticals from POCISs 
POCISs were dismantled under a laminar flow hood. The Hydro-

philic–Lipophilic Balance (HLB) phases were recovered by rinsing the 
membranes with 10 ml of water in glass cartridges placed on a manifold. 
HLB phases were then eluted with 10 ml of methanol, 10 ml of meth-
anol/dichloromethane (50/50, v/v) and finally 10 ml of dichloro-
methane. The eluates were evaporated to dryness under nitrogen and 

Fig. 1. Schematic representation of in situ experimental set-up in Sanofi WWTP. Inset is a 3D depiction of the artificial outdoor channel.  
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then dissolved in 500 µl water/acetonitrile (95/5). 
Pharmaceutical analysis was performed by liquid chromatography 

(UHPLC H-class, Waters) coupled with mass spectrometry (Xevo® TQ- 
XS, Waters). Separation was carried out on an HSS T3 column (C18, 
100 × 2.1 mm × 1.8 µm, Waters). The MS/MS acquisition was per-
formed in positive and negative ionization. Deuterated surrogates added 
during the POCIS elution were used to check for possible matrix effects. 
The final concentrations were systematically corrected using the 
extraction yield of these deuterated compounds. POCIS extraction 
blanks were run to check for the absence of contamination throughout 
the extraction/analysis process. Some spiked POCISs were also analyzed 
to check the performance of the deuterated surrogates used. 

During chromatographic analyses, mobile phase blanks were injec-
ted regularly to ensure there was no cross-contamination in the UHPLC- 
MS / MS chain. Standard solutions of known concentration (one high 
and one low level) were analyzed every five samples to check for any 
mass spectrometer signal drift. 

This analytical protocol yielded robust pharmaceutical concentra-
tions with low quantification limits (Supplemental Table 1). 

2.4.2. Physical and chemical parameter in effluents 
Total organic carbon (TOC) was assayed by the high-temperature 

catalytic oxidation method according to standard NF EN 1484 
(AFNOR, 1997) using a total organic carbon analyzer (multi N/C 3100, 
Analytik Jena). Major ion concentrations were quantified by ionic 
chromatography (IC flex 930, Metrohm®) according to standards NF EN 
ISO 10304-1 (AFNOR, 2009) for anions and NF EN ISO 14911 (AFNOR, 
1999). Details of analytical procedure and limits of quantification of 
parameters are given in Supplemental Data 1. 

2.5. Structural and functional characterization of biofilm microbial 
communities 

In the laboratory, biofilm microbial communities were carefully 
removed from each replicate membrane using a razor blade and sus-
pended in 40 ml of their corresponding water. 

2.5.1. Biomass 
A 20 ml sample of each suspension was used to determine biofilm dry 

weight (i.e., total biomass) and ash-free dry weight (AFDW, i.e., organic 
biomass) as previously described by Morin et al. (2010). Algal biomass 
was estimated using total chlorophyll a (Chl a) determined with a 
multi-wavelength pulse-amplitude-modulated (PAM) fluorometer, using 
a Phyto-PAM analyzer (H. Walz, Effeltrich, Germany) as described in 
Schmitt-Jansen and Altenburger (2008). The remaining biofilm sus-
pension was then diluted to obtain a final concentration of 2000 µg L− 1 

of chlorophyll a and used for microbial activity measurements. 

2.5.2. Photosynthetic activity 
Photosynthetic activity was estimated with the Phyto-PAM fluo-

rometer described above, using the saturation pulse method to deter-
mine PSII quantum yield (Schmitt-Jansen and Altenburger, 2008). 

2.5.3. Respiration 
Microbial respiration (CO2 emission) was measured by gas chroma-

tography (490 MicroGC, Agilent Technologies®). For each diluted bio-
film suspension, 10 ml was inoculated in a 150 ml sterile plasma flask, 
which was hermetically sealed. Gaseous sampling for the CO2 concen-
tration analysis was performed at 2, 5 and 24 h after flask incubation in 
the dark at room temperature and with stirring. 

2.5.4. Exo-enzymatic activities 
For each sampling time, potential activities of three extracellular 

enzymes (β-glucosidase, EC 3.2.1.21; phosphatase, EC 3.1.3.1; leucine 
aminopeptidase, EC3.4.11.1)) were measured by fluorimetry using a 
substrate analogue coupled with a fluorochrome: MUF-Glu (4- 

methylumbelliferyl-β-D-glucopyranoside M3633 Sigma-Aldrich, CAS 
No. 18997-57-4.) for β-glucosidase, MUF-Pho (4-methylumbelliferyl 
phosphate M8883 Sigma-Aldrich, CAS No. 3368-04-5.) for phosphatase, 
MCA-Leu (L-leucine-7 amido-4-methylcoumarin hydrochloride L2145 
Sigma-Aldrich, CAS No. 62480-44-8.) for leucine aminopeptidase 
(Ahmed et al., 2018). In a 96-well microplate, 70 µl of substrate and 
150 µl of biofilm suspension were mixed and incubated at 15 ◦C for 3 h 
45 min. To stop the enzyme reaction, 20 µl of glycine buffer (0.05 M 
glycine, 0.2 M NH4OH, pH = 10.4) was added. Fluorescence was then 
measured with a microplate reader (Synergy HT BioTek Instruments) at 
360/460 nm excitation/emission. Enzyme activities were quantified 
using standard curves of the reference compounds: MUF (Sigma M1381 
CAS No. 90-33-5) for β-glucosidase and phosphatase and MCA (Sigma 
A9891, CAS No. 26093-31-2) for leucine aminopeptidase. Measure-
ments were made for a range of substrate concentrations (0–3000 µM for 
MUF-Glu and MUF-Pho, 0–2000 µM for MCA-Leu) to ensure activity 
measurement at saturating substrate concentration. 

2.6. Diversity of biofilm microbial communities 

2.6.1. DNA extraction, PCR, and Illumina sequencing 
For each biofilm suspension, three aliquots were sampled in 2 ml 

Eppendorf Tubes®. After centrifuging (10 min at 6500 × g), supernatant 
was removed, and the microbial biofilm pellet was stored at − 80 ◦C for 
later DNA extraction. 

DNA was extracted from the microbial pellet using the FastDNA® 
Spin Kit for soil (MP Biomedicals, Germany) according to the manu-
facture’s recommendations. Extracted DNA was quantified with a fluo-
rometer (Qubit®, Invitrogen) and stored at − 20 ◦C until further 
analysis. 

Bacterial and diatom diversities were investigated using high- 
throughput Illumina sequencing. Bacterial diversity was evaluated by 
the V4 hypervariable region analysis of 16S rRNA genes (310 bp) using 
primers 515F (Parada et al., 2016) and 806R (Apprill et al., 2015). 
Diatom diversity was evaluated by rbcl gene analysis (312 bp) using 
equimolar mixtures of Diat_rbcL_708F_1, 708F_2, 708F_3 and R3_1, R3_2 
as forward and reverse primers respectively (Vasselon et al., 2017). 
Primer sequences and PCR conditions are given in Supplementary in-
formation. PCR products were then quantified using a fluorimeter 
(Qubit®, Invitrogen) and sent to the Genome Transcriptome platform 
(Bordeaux, France) for Illumina MiSeq analysis using a 2 × 250 bp and 
2 × 300 bp protocol for 16S rRNA and rbcl genes, respectively. 

2.6.2. Bioinformatic analysis 
Bioinformatic treatment of sequencing data (16S rRNA and rbcl se-

quences) was performed with the FROGS pipeline available on the 
Galaxy server (Escudié et al., 2018). Briefly, pair-reads raw data were 
merged using FLASH software (v1.2.11) with zero mismatch in the 
overlap region. Sequences without mismatches to the primer sequences 
were retained and filtered by size (270–330 pb and 290–320 pb for 
bacteria and diatoms, respectively), and those containing N bases were 
discarded. The 16S rRNA and rbcl gene sequences were then denoised 
and clustered using the Swarm method (Mahé et al., 2014) with a 3-base 
maximum difference. Chimeras were removed using vchime of the 
VSEARCH package (Rognes et al., 2016) and clusters present in fewer 
than two samples, and representing less than 0.00005% of the total se-
quences, were removed. Bacterial OTU taxonomic assignment was per-
formed using the BLAST algorithm (Edgar, 2010) against the SILVA SSU 
Ref NR 132 database (Quast et al., 2013). Taxonomic affiliation of 
diatom OTUs was performed with a Bayesian classifier (Wang et al., 
2007) (80% bootstrap confidence score) against the Diat.barcode library 
(v7) (Rimet et al., 2016) restricted to our 312 bp rbcl barcode as a 
reference. Representative sequences from each bacterial and diatom 
OTU were aligned using Mafft, and a phylogenetic tree was inferred 
using FastTree (v2.1.10). To compare samples efficiently and avoid 
biased community comparison, a normalization procedure was applied 

V. Tardy et al.                                                                                                                                                                                                                                   



Journal of Hazardous Materials 411 (2021) 125121

5

by randomly resampling down to 39060 and 26757 sequences in the 
bacteria and diatom datasets, respectively. A phyloseq R package 
(McMurdie and Holmes, 2013) object was then generated and the 
Shannon and the InvSimpson diversity indices were calculated. The raw 
datasets are available on the European Nucleotide Archive system under 
project accession number PRJEB41056. 

2.7. Diatom SPI index calculation 

Ecological quality status of effluents was assessed based on the 
diatom biological element, using the SPI Index (Cemagref, 1982) applied 
to metabarcoding data (Mortágua et al., 2019). For each channel con-
dition and sampling time, the SPI index was determined using diatom 
species lists obtained by taxonomic assignment of OTUs according to the 
following equation: 

SPI =
∑n

i=1ai × SPIVi × SPISi
∑n

i=1ai × SPIVi  

where ai is the relative abundance of OTU in the sample. SPIVi is an 
indicator value of OTU, calculated from the tolerance of the taxon along 
the environmental gradient and SPISi is the sensitivity value of OTU, 
calculated from the optimum of the taxon along the environmental 
gradient. The index values were then calibrated on a scale from 0 to 20 
and compared with water quality classes used by the French standard NF 
T90-354 (AFNOR, 2016): high (SPI: 17–20), good (SPI: 13–17), mod-
erate (SPI: 9–13), poor (SPI: 5–9), low (SPI: 1–5). 

2.8. Statistical analyses 

Differences in bacterial and diatom community structures between 
channel conditions were characterized using weighted UniFrac dis-
tances (Lozupone et al., 2005). Non-Metric Multidimensional Scaling 

(NMDS) was used to graphically depict differences between microbial 
communities. The significance of the observed clustering of samples on 
the ordination plot was assessed by analysis of variance using UniFrac 
distance matrices (ADONIS test, 999 permutations). The difference in 
changes of microbial communities along the WWTP treatment steps was 
interpreted as the magnitude of the weighted UniFrac distance between 
the control channel condition (Up) and the other channel conditions for 
the three sampling campaigns. It was calculated as follows: magnitude 
change for each sampling date and channel conditions = [average of 
interweighted UniFrac distance (Up channel conditions/channel con-
ditions)] − [((average of intraweighted UniFrac distances Up channel 
conditions) + (average of intraweighted UniFrac distances channel 
conditions))/2]. 

The statistical significance of microbial biomass evolution (Chl a and 
organic biomass) during the experimental period was assessed with the 
nonparametric Kruskal-Wallis test and with multiple pairwise compar-
isons using Dunn’s procedure (p < 0.05). Diversity indices and the 
diatom SPI index were compared between channel conditions for each 
sampling time by analysis of variance (ANOVA), and the differences 
between them by the Fisher test (p < 0.05). Differences in microbial 
activities between the Up channel condition and other channel condi-
tions were assessed by analysis of variance (ANOVA) with Dunnett’s 
comparison test. All these statistical analyses were performed with the R 
free software (version 3.4.3, R Core Team 2018). 

3. Results 

3.1. Water physical and chemical characteristics 

Water temperature patterns during the experiment (Table 1 and 
Supplemental Fig. S1) revealed large differences between channel con-
ditions. These differences were more pronounced during the first six 
days of the experiment, owing to bad weather (heavy rain and damaging 

Table 1 
Physical and chemical parameters measured in the different channel conditions during the three sampling campaigns of microbial biofilm (one measurement per 
channel condition and per sampling time).  

Sampling time Parameters (unit) Treatment 

Up T2 T3 T4 Do 

D07 pH 7.68 7.61 7.17 7.76 7.51 
T (◦C) 9.7 13.5 13.5 16.4 7.7 
DO (mg L− 1) 8.60 4.33 1.45 5.57 10.33 
DO (%) 75.9 41.5 13.9 57.5 87.0 
σ (µS cm− 1) 52.50 2180 2360 2490 54.20 
Q (L h− 1) nd nd nd nd nd 

D13 pH 7.05 7.59 7.49 7.63 7.61 
T (◦C) 10.4 14.2 12.0 19.4 8.4 
DO (mg L− 1) 7.76 5.03 8.9 5.94 10.70 
DO (%) 70.0 49.1 83.6 63.9 92.8 
σ (µS cm− 1) 56.00 2300 3760 3820 59.90 
Q (L h− 1) 306 112 50 159 278 

D20 pH 7.24 4.60 8.45 7.61 7.57 
T (◦C) 15.6 17.7 16.3 23.4 13.7 
DO (mg L− 1) 6.72 6.72 11.62 5.78 8.99 
DO (%) 67.0 69.7 120 67.2 87.0 
σ (µS cm− 1) 61.5 3320 3830 4180 74.6 
Q (L h− 1) 217 57 0 159 182 

Sampling campaign effluent mix ( D07 + D13 +D20) TOC (mg L− 1) 3.65 26.7 6.50 1.30 3.75 
Cl- (mg L− 1) 5.9 564 1013 1014 5.9 
SO4

2- (mg L− 1) 3.9 167 111 108 4.0 
Na+ (mg L− 1) 4.8 306 240 245 4.9 
K+ (mg L− 1) 1.5 14.3 11.6 11.5 1.3 
Mg2+ (mg L− 1) 1.1 1.6 18.1 16.0 1.1 
Ca2+(mg L− 1) 4.0 201 421 424 4.1 
N-NH4

+ (mg L− 1) < 0.02 0.95 0.10 0.16 < 0.02 
N-NO2

- (mg L− 1) < 0.02 < 0.02 0.04 < 0.02 < 0.02 
N-NO3

- (mg L− 1) 0.67 < 0.45 < 0.45 < 0.45 0.71 
P-PO4

3- (mg L− 1) 0.03 1.50 0.35 < 0.03 0.04 

Abbreviations: T: temperature, DO: dissolved oxygen, σ: conductivity, Q: flowrate, TOC: total organic carbon, Cl-: chloride, SO4
2-: sulphate, Na+: sodium, K+: potassium, 

Mg2+: magnesium, Ca2+: calcium, N-NH4
+: ammonium, N-NO2

- : nitrite, N-NO3
- : nitrate, P-PO4

3-: phosphate. 

V. Tardy et al.                                                                                                                                                                                                                                   



Journal of Hazardous Materials 411 (2021) 125121

6

wind events), which impaired the functioning of the second cooling 
system. Throughout the experiment, water temperature in the Up and 
Do channel conditions continuously filled with the river water varied 
from 2 ◦C to 26 ◦C, while water temperature in the WWTP channel 
conditions (T2, T3 and T4) varied from 8 ◦C to 29 ◦C, with an average 
difference between river control and WWTP channel conditions of about 
6.6 ◦C. 

Physical and chemical parameters measured at each sampling time 
also revealed differences between channel conditions in dissolved oxy-
gen, conductivity and water flow (Table 1). The water flow in the WWTP 
channel conditions was lower than in the Up and Do channel conditions; 
markedly so for the T3 channel condition, where the water flow was 
stopped at the end of the experiment through fast clogging of the supply 
pipe by a high concentration of suspended matter in the effluent water. 
The three WWTP effluents were characterized by higher concentrations 
of cations, chlorides and sulfates than Up and Do river water (charac-
terized by low-mineral content), with the highest values observed in the 
T2 and T3 channel conditions (Table 1). A similar trend was observed for 
total organic carbon concentrations. 

The analysis of 42 pharmaceutical substances extracted from the 14- 
day immersed POCISs revealed differences between the three effluents 
from WWTP treatments (Fig. 2 and Supplemental Table 1). Overall, 
concentrations of the different pharmaceuticals in the POCISs decreased 
along the successive WWTP treatment steps (i.e., from T2 to T4 channel 
conditions; Supplemental Table 1) except for clarithromycin, which was 
more concentrated in the T3 effluent (237 ng g− 1 of POCIS) than in the 
T2 effluent (5 ng g− 1 of POCIS). Accordingly, total pharmaceutical 
concentrations (Fig. 2) were similar between T2 and T3 effluents (452 
and 489 ng g− 1 of POCIS, respectively) and significantly lower in T4 
effluents (89 ng g− 1 of POCIS). Surprisingly, POCISs immersed in 
channel conditions collecting river water (Up and Do) were character-
ized by higher total concentrations of pharmaceuticals than POCISs 
immersed in the three WWTP channel conditions (Fig. 2). Several sub-
stances including carbamazepine, diclofenac, erythromycin, ozaxepam, 
and paracetamol were more concentrated in the POCISs immersed in the 
control channel conditions (more than 20 ng g− 1 of POCIS) than in 
WWTP channel conditions (Supplemental Table 1). The differences in 
water flow observed between the different channel conditions (Table 1) 
probably explain these results, since a greater volume of water passed 
through the POCISs in the Up and Do channel conditions than in the 

three WWTP channel conditions. 

3.2. Evolution of biofilm biomass 

Total organic biomass varied between 103 and 930 µg cm− 2 ac-
cording to the sampling day, with no significant difference between 
channel conditions (Fig. 3A). 

Biofilm algal biomass, as expressed by Chl a concentrations, was 
relatively stable between 4.8 and 9.3 µg cm− 2 Chl a in the Up control 
channel condition throughout the 20-day experiment (Fig. 3B). No sig-
nificant difference was observed between the Up control and the other 
four channel conditions throughout the experiment except on Day 20, 
when the algal biomass increased markedly and significantly in the T4 
channel condition to reach a concentration of 21 µg cm− 2 Chl a. 
Although the difference was non-significant, Chl a values were also 
substantially higher in the T2 channel condition than in the Up control 
throughout the 20-day experiment. 

3.3. Effluent effects on biofilm activities 

The comparison of biofilm activity levels recorded throughout the 
experiment in the Up control channel condition with levels recorded in 
the other four channel conditions showed that the functional responses 
of biofilms to the WWTP effluent varied according to the type of mi-
crobial activity (Fig. 4). The different channel conditions had no sig-
nificant effect on the leucine aminopeptidase activity. The three WWTP 
channel conditions decreased ß-glucosidase and phosphatase enzyme 
activities, which were reduced on average from 48% to 74% vs. Up 
controls. By contrast, photosynthetic and respiration activities were 
tendentially stimulated by some of the WWTP channel conditions. 
Photosynthesis was stimulated by about 20% in biofilms exposed to T3 
and T4 effluents, and respiration increased significantly by about 178% 
in T4 effluent. 

Biofilms exposed to Do river water were characterized by higher 
enzymatic activities than Up controls (on average +230% for ß-gluco-
sidase, +71% for leucine aminopeptidase, and significantly +165% for 
phosphatase). A similar trend was observed for the photosynthetic ac-
tivity (+15% vs. control), while respiration was lowered by about 31% 
in Do vs. Up biofilms. 

Fig. 2. Total concentration of 42 pharmaceuticals taken up in the 14 days immersed POCISs for each channel.  
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3.4. Effluent effects on biofilm microbial diversity 

Illumina sequencing of the 48 samples yielded a total of 2913,463 
and 3202,393 high-quality sequences of 16S-rRNA and rbcl with a mean 
of 39,060 and 26,757 sequences per sample, respectively. 

Bacterial diversity analysis illustrated by both the Shannon and the 
InvSimpson index revealed significant differences between channel 
conditions throughout the experiment (Fig. 5A and B). The general 
observed tendency showed a decrease in bacterial diversity in microbial 
biofilms exposed to the three WWTP effluents (T2, T3 and T4) compared 
with biofilm growing in the Up control. Whatever the WWTP channel 
condition (except in T4 at D7), this decrease was significant from D7 to 
D20 based on the Shannon index (Fig. 5A). The InvSimpson index was 
also significantly lower in T2 and T3 than in Up from D7 to D20, but for 
the T4 channel condition this difference was only significant at D20 
(Fig. 5B). 

While no significant differences in bacterial diversity were observed 
between the three WWTP effluents, a clear increase in diversity was 
observed from T2 to T4, especially at D7 and D13. Biofilms exposed to 
Do river water were characterized by a higher bacterial diversity than 
those exposed to Up water, the difference being significant at D7 and 
D13 based on the InvSimpson index. 

In contrast to the bacterial community, the discrepancy of diatom 
diversity between the biofilm exposed to Up control and WWTP effluents 
was less pronounced and only significant at D7 (InvSimpson index) and 
D13 (InvSimpson and Shannon index) for T4 samples and at D20 
(Shannon index) for T3 samples (Fig. 5C and D). Diatom diversity tended 
to be lower with increasing complexity of wastewater treatment steps (i. 
e. from channels receiving T2 to T4). As described above for the bac-
terial community, the diatom diversity was higher in Do than in Up 
channel conditions (Fig. 5C and D). 

NMDS analysis of the full bacterial- (Fig. 6A) and diatom-sequence 

Fig. 3. Evolution of AFDW (A) and chlorophyll a concentration (B) of microbial biofilm at each sampling time and for each channel condition (Up, T2, T3, T4 and 
Do). Letters in brackets indicate significant differences between channel conditions for each sampling time, according to the Kruskal-Wallis test (p < 0.05). 

Fig. 4. Percentage changes of microbial activities measured from biofilms collected in T2, T3, T4 and Do channels compared to activities of control biofilms (Up 
channel) (n = 9). Asterisks indicate significant differences between microbial activities measured from control (Up) and other channel conditions, according to the 
Dunnett test (p < 0.05). 
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(Fig. 6B) datasets highlighted distinct microbial community structures 
between biofilms exposed to the river water (Up and Do) and the WWTP 
effluents (T2, T3 and T4) over the experimental period (as confirmed by 
the ADONIS test: R = 0.23, p = 0.001 for bacteria and R = 0.29, 
p = 0.001 for diatoms). Microbial biofilms exposed to WWTP effluents 
exhibited different genetic structures in the channel conditions along the 
successive treatment steps, and different patterns were observed 
depending on the sampling time and the type of microbial community (i. 
e. bacteria or diatoms; Fig. 6A, B and C). Throughout the experiment, the 
genetic structure of biofilm bacterial communities exposed to T2 

effluents were significantly different from Up communities. At the end of 
the experiment, T3 and T4 bacterial communities exhibited intermedi-
ate genetic structures compared with T2 and Up communities, while the 
Do community structure was similar to that of Up. 

Compared with Up communities, the greatest changes in diatom 
community genetic structure were observed in biofilms exposed to T3 
effluents. Changes were less pronounced in biofilms exposed to T2 and 
T4 effluents and Do community structure was close to that of Up over the 
whole experiment. 

Fig. 5. Variation of diversity indices represented by the Shannon index and the inverse Simpson (InvSimpson) for the bacterial (A and B) and diatom communities (C 
and D), and for each channel condition (Up, T2, T3, T4 and Do) at each sampling time (D7, D13 and D20). Squares represent the average of each channel condition 
(n = 3). Letters in brackets indicate significant differences between channel conditions for each sampling time, according to the Fisher test (p < 0.05). 
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3.5. Effects of wastewater treatment steps on diatom SPI index 

Diatom SPI index measured from the Illumina sequencing dataset 
over the experimental period revealed significant differences in quality 
between channel conditions, ranging from poor to good quality ac-
cording to the sampling date and water origin (Fig. 7). 

Whatever the sampling time, the highest SPI values were observed 
for biofilms exposed to the T4 effluent, ranging from 12.7 to 14.5, 
indicating the good quality of this treated water. Conversely, Diatom SPI 
indices measured for the T2 channel condition were always the lowest, 
ranging from 8.8 to 10.8 (poor to moderate quality of water). 
Throughout the experiment, biofilms exposed to the Do water exhibited 
higher SPI values than those exposed to Up, the difference being sig-
nificant at D13 and 20. 

4. Discussion 

Previous studies have shown that natural periphytic biofilms can be 
impacted by effluents from urban and/or hospital WWTPs (Aubertheau 

et al., 2017; Hladilek et al., 2016; Nega et al., 2019a,b; Price et al., 2018; 
Tlili et al., 2017). To our knowledge, the present study is the first 
experimental example of the use of periphytic microbial assemblages to 
assess the toxicity of pharmaceutical plant wastewaters after successive 
treatment steps. Our main hypothesis was that the cumulative waste-
water treatment steps would lead to a decrease in both exposure (i.e., 
pharmaceutical concentrations), and effects (i.e., toxicity of effluents 
towards exposed periphytic biofilms). 

4.1. Pharmaceutical contamination decreased across the effluent 
treatment steps but was surprisingly high in the upstream river water 

Pharmaceutical concentrations measured in POCIS extracts 
confirmed that the treatment process led to a substantial decrease in 
pharmaceutical concentrations. The main decrease was observed after 
the quaternary treatment, when the concentrations were reduced by 
almost 90%. This highlights the efficiency of the activated carbon 
treatment. However, these results and the comparison between treat-
ments must be viewed with caution, as concentrations of pollutants 

Fig. 6. Non-metric multi-dimensional scaling (NMDS) ordination plot derived from weighted pairwise Unifrac distances for (A) bacterial and (B) diatom commu-
nities for each channel condition (Up, T2, T3, T4 and Do) and each sampling time (D0, D7, D13 and D20). Stress values for the two ordination plots were < 0.2, which 
indicates that these data were well-represented in two dimensions. In C chart, magnitude changes in Unifrac distance between the control channel (Up) and the other 
channel conditions (T2, T3, T4 and Do) are represented over the experimental period for both bacterial and diatom communities. 
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taken up in the passive samplers strongly depend on flow rate (Li et al., 
2010; Miège et al., 2012) and temperature (Djomte et al., 2018). Con-
ductivity, which was more than 40-fold higher in WWTP channel con-
ditions (i.e. T2, T3 and T4) than in river ones (i.e. Up and Do; Table 1); 
can also be an important factor to take into consideration. Accordingly, 
influence of environmental conditions could explain, at least in part, the 
surprisingly higher concentrations of pharmaceuticals measured in the 
extracts from POCISs immersed in the control channels supplied by the 
upstream river water. In our case, the flow rates decreased over the 
experimental period in the channels supplied by the WWTP effluents 
owing to fast clogging of the supply pipes by high concentrations of 
suspended matter. POCISs in channels supplied by river water filtered 
more water than POCISs supplied by WWTP effluents, as indicated by 
the differences in flow rates, making it difficult to compare the amounts 
of pharmaceutical substances accumulated in POCISs between river and 
effluents from WWTPs. By contrast, flow rates were similar in channels 
supplied by water from the upstream and downstream river stations, 
respectively, thus allowing a more meaningful comparison between 
pharmaceutical concentrations in POCISs. Pharmaceutical accumulation 
was slightly higher in POCISs from downstream than from upstream 
treatment, suggesting that the WWTP effluent may contribute slightly to 
river contamination despite the strong decrease in pharmaceutical 
concentrations following the last treatment step (T4). Altogether, these 
results confirm the strong presence of pharmaceutical products in 
freshwater aquatic environments (Ebele et al., 2017; Patel et al., 2019). 
The presence of many pharmaceuticals in the river water upstream from 
the effluent discharge was probably due to the wastewater discharge 
from an urban area with 9000 habitants located 15 km upstream from 
the pharmaceutical treatment plant (including a hospital with a capacity 
of about 300 beds). This finding strengthens the utility of this type of in 
situ set-up to better evaluate the efficiency of a pharmaceutical WWTP 
and overcome the limitation of the simple comparison of water quality 
up- and downstream the WWTP discharge. 

4.2. Structural and functional characteristics of periphytic biofilms are 
good indicators of the quality of WWTP effluents 

In our pilot system, functional and structural effects of the chronic 
exposure to WWTP effluents on periphytic biofilms were variable ac-
cording to the treatment step (i.e., secondary, tertiary, or quaternary 
treatment). In some cases, they resulted in the inhibition of some mi-
crobial activities, a decrease in microbial diversity levels and a shift in 
microbial genetic structures. However, the occurrence and amplitude of 
these effects were not necessarily supportive of our last hypothesis of a 

decrease in the effluent toxicity with increasing treatment steps. Given 
that pharmaceutical concentrations decreased from T2 to T4, it suggests 
that the functional and structural changes observed in periphytic bio-
films were not solely driven by these substances. 

Betaglucosidase and phosphatase enzyme activities were the main 
functional parameters inhibited by WWTP effluents. Various structural 
effects were observed on the bacterial and diatom communities. For the 
bacterial community, diversity levels increased along the WWTP treat-
ment steps (T2 > T3 > T4), while for the diatom community, diversity 
levels decreased significantly only for the most heavily treated effluent 
(T4 < T3 and T2). Different patterns were also observed for the genetic 
structure, with a larger shift in bacterial structure when biofilms were 
exposed to T2 effluent, whereas a higher shift in diatom community was 
observed when biofilms were exposed to T3 effluent. All these obser-
vations suggest that diatom and bacterial communities exhibit different 
responses to effluents from a pharmaceutical industry treatment plant, 
bacterial diversity being more sensitive that diatom diversity. This is in 
line with previous studies highlighting the strong negative impact of 
pharmaceutical residues on bacterial diversity (e.g. Chonova et al., 
2016b; Corcoll et al., 2015) and the limited sensitivity of diatom di-
versity to hospital effluents containing high concentrations of pharma-
ceuticals (Chonova et al., 2019). 

The calculation of diatom index from taxonomically assigned OTUs 
enabled us to assess the quality of effluent along the different WWTP 
treatment steps and to compare it with the water quality of river stations 
upstream and downstream from the WWTP discharge. Diatom indices 
are most often used to assess the water quality of natural aquatic eco-
systems (Rimet, 2012). To our knowledge, the first study using the 
diatom index to assess the quality of effluents from WWTP was con-
ducted by Chonova et al. (2019). In this study, the authors calculated 
diatom index from the treated effluents of hospital and urban WWTPs, 
both characterized by a low water quality compared with adjacent sites 
from the receiving river. They also showed a degradation of water 
quality in the river downstream from the WWTP output (Chonova et al., 
2019). In our case, the increase in the SPI index along the WWTP 
treatment steps highlighted an improvement in effluent quality through 
the WWTP processes. Moreover, the highest SPI index was found for T4 
followed by the downstream (Do) and the upstream river station (Up), 
suggesting no impact of WWTP outflow in the water quality of the river 
downstream from the WWTP. 

Interestingly, the diversity metrics of the diatom community and the 
SPI index did not follow the same trend. The low level of diatom di-
versity observed in microbial communities exposed to T4 (Fig. 3) was 
associated with the highest SPI index (Fig. 7). This could be explained 

Fig. 7. Diatom SPI index calculated from Illumina sequencing dataset for each channel condition (Up, T2, T3, T4 and Do) and each sampling time (D7, D13 and D20). 
Squares represent the average of each treatment (n = 3). Letters in brackets indicate significant differences between channel conditions for each sampling time, 
according to the Fisher test (p < 0.05). Dashed lines represent the limit of water quality class defined by the French standard (AFNOR, 2016). 
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firstly by the high sensitivity of the SPI index to nutrients and organic 
pollution (Descy and Coste, 1991), and secondly by the fact that the 
diatom diversity metric response followed a humpback model consistent 
with the Intermediate Disturbance Hypothesis (IDH) theory (Connell, 
1978; Miller et al., 2011). According to this model, an increase in di-
versity may occur at intermediate levels of disturbance owing to 
trade-offs between species’ ability to compete, colonize ecological 
niches, and tolerate disturbance. Contrastingly, a decrease in diversity 
species may occur (i) at high levels of disturbance owing to dominance 
of particularly competitive species through competitive exclusion, and 
(ii) at low levels of disturbance owing to the dominance of particularly 
well-adapted species through selection. In our study, effluents from the 
T4 treatment step were characterized by low pharmaceutical concen-
trations and by low concentrations of both nutrients and organic matter 
(Table 1). These abiotic conditions represent a low level of disturbance 
for diatom communities in comparison to effluents from T2 and T3 
treatments and river stations (Do and Up). Hence the T4 effluent con-
ditions probably favored the selection of sensitive diatom species 
adapted to low resources conditions, resulting in an SPI index increase 
and diatom diversity decrease. Conversely, abiotic conditions in the 
other treatments probably favored the coexistence of sensitive and 
tolerant species at higher concentration levels of pharmaceutical 
chemicals and nutrient resources, resulting in an SPI index decrease, and 
diatom species increase. This finding is in agreement with studies 
reporting higher diatom species diversity in nutrient-rich environments 
(Liess et al., 2009; Passy, 2008; Zhang et al., 2018). 

4.3. Periphytic biofilms are promising models to develop biomonitoring 
approaches in a context of wastewater discharge 

The high potential of microbial biofilms to monitor freshwater eco-
systems is now well-recognized in the literature (Guasch et al., 2016; 
Pesce et al., 2017; Sabater et al., 2007). Their use as biomonitoring tools 
in river ecosystems has notably been illustrated in diverse pollution 
contexts, such as contaminations by metals (Leguay et al., 2016), anti-
biotics (Balcázar et al., 2015), pesticides (Pesce et al., 2016) or fecal 
agents and organic pollution (Balzer et al., 2010; Burns and Ryder, 
2001). In this study, we used a river biofilm in an experimental set-up to 
assess the efficiency of a pharmaceutical industry WWTP. The biological 
parameters of the microbial community increased with cumulative 
WWTP treatment (i.e., from T2 to T4), illustrating the recovery of the 
community during the treatment process, but changes in functional 
variables did not show clear links with either treatment steps or phar-
maceutical concentrations. Although we found no clear link between 
pharmaceutical concentration and shifts in biological and functional 
parameters of biofilms, our results confirm the sensitivity of biofilms to 
effluents discharged from WWTPs (Aubertheau et al., 2017; Chonova 
et al., 2018; Perujo et al., 2016) and show their utility as a biomonitoring 
tool for WWTP managers, whether for urban, hospital or drug industry 
WWTP management. 

Our findings justify some recommendations for using river microbial 
biofilms as biomonitoring tools. Firstly, the difference in sensitivity 
between diatom and bacterial communities underlines the importance 
of considering both heterotrophic and phototrophic communities and of 
including a set of structural and functional parameters to monitor eco-
toxicological and ecological quality of water. Taking into account 
several communities such as bacteria, diatoms, fungi or protozoa gives a 
holistic overview of river biofilm responses to perturbations and helps 
gain a better understanding of ecological consequences on freshwater 
ecosystem functioning. Genetic structure and diversity assessment has 
been greatly facilitated in recent years by a dramatic fall in sequencing 
costs (from 5292 USD to 0.010 USD per DNA megabase between 
September 2001 and August 2019) owing to methodological de-
velopments (http://www.genome.gov/sequencingcostsdata), now 
making it possible to investigate microbial biofilms at the whole com-
munity level. Secondly, special attention must be paid to the 

interpretation of microbial community diversity metrics for bio-
monitoring. In the present study, we observed unimodal relationships 
between diversity metrics for diatom communities and effluent treat-
ment gradient, which could be explained by IDH theory. In the litera-
ture, the IDH response pattern was already observed in many studies 
analyzing the responses of microbial communities to disturbances, 
whether in soils (Griffiths and Philippot, 2013; Tardy et al., 2015) or 
aquatic ecosystems (Galand et al., 2016; Santillan et al., 2019). For 
example, Santillan et al. (2019) observed a higher alpha diversity when 
microbial communities in activated sludge bioreactors were exposed to 
intermediate levels of disturbance, represented by a gradient of toxic 
pollutant concentration. Although IDH theory is still under debate (Fox, 
2013), all these observations support the view that greater species 
richness does not necessarily imply a “healthier” system (Shade, 2017). 
Consequently, diversity metrics in an environmental biomonitoring 
context must be interpreted with the greatest caution and be backed by 
other abiotic parameter measurements to prevent confusion. This 
finding has important implications given the growing interest in 
developing a new generation of biotic indices from environmental DNA 
(Pawlowski et al., 2018). 

5. Conclusion 

Jointly with Sanofi, we developed, implemented, and tested an 
innovative pilot system for the continuous assessment of the toxicity of 
real pharmaceutical industry wastewaters after successive treatment 
steps. To our knowledge, this is the first time such an experimental set- 
up has been directly connected to a pharmaceutical industry WWTP 
during production. This original experimental set-up was particularly 
useful for characterizing the responses of periphytic biofilms to phar-
maceutical production effluents and assessing the efficiency of the 
treatment process along its successive steps. Operationally, our findings 
show that such pilot systems could offer a useful tool to develop 
controlled biomonitoring approaches with periphytic biofilms in an in-
dustrial context. They offer new approaches for industrial environ-
mental managers to more accurately assess the ecological risk of 
production effluents in receiving water ecosystems. 
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