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Arnaud Chaumot', Davide Degli-Esposti', Olivier Geffard' and Christelle Lopes*

Abstract

Background: Several biomarkers developed from freshwater sentinel species are used to complement chemical
assessment of freshwater ecosystems and improve the evaluation of their contamination levels. While active biomoni-
toring strategies allow to compare biological data in the field, the lack of assessment criteria to interpret biomarkers
modulations restricts their application in freshwater biomonitoring surveys. For this purpose, the determination of
threshold values emerges as a relevant approach to support the biomarker-based diagnosis within biomonitoring
surveys. Based on the distribution of contamination baselines, a statistical approach was proposed to define threshold
values of bioaccumulated concentrations in the sentinel species Gammarus fossarum. Although this methodology is
limited to chemical databases, this approach could be adapted for defining threshold values at the biological level.
This study aims to demonstrate the possibility of defining threshold values for different classes of biomarkers moni-
tored in two freshwater sentinel species (Dreissena polymorpha, G. fossarum) and evidence the added value of such an
approach in biomarker-based diagnosis.

Results: For this purpose, the study benefited from exceptional environmental biomarker datasets acquired from
mussels and gammarids caged in hundred environmental sites, representative of the diversity of French water bodies.
Thanks to these environmental datasets, inhibition and/or induction thresholds could be defined for 8 biochemical,
cellular, and molecular biomarkers of D. polymorpha and 25 peptide biomarkers of G. fossarum, not influenced by
confounding factors. Threshold values were then applied to another biomarker dataset acquired from mussels and
gammarids caged upstream and downstream four wastewater treatment plants (WWTPs). Several biomarkers were
modulated both downstream and upstream of WWTPs, indicating a potential contamination not related to WWTPs.
In contrast, some biomarkers were impacted exclusively downstream of the WWTPs, highlighting an impact of WWTP
discharges on the aquatic fauna.

Conclusions: This study demonstrates the possibility to define threshold values for a wide range of biomarkers
(cellular, biochemical and molecular) monitored on different sentinel species. The definition of threshold values
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constitutes an attractive solution to support the application of biomarkers in active biomonitoring surveys and
improve the biomarker-based diagnosis without the need of “reference sites".

Keywords: Active biomonitoring, Freshwater sentinel species, Threshold values, Biomarker-based diagnosis

Background
Thousands of pollutants are routinely discharged into
the aquatic environment [1], among them, new synthetic
substances referred as ‘emerging contaminants (ECs)
have become a major source of concern given their
adverse effects on the environment and human well-
being [2, 3]. The importance of ecosystem services (bio-
diversity, drinking water treatment, recreation) provided
by natural water bodies leads to strong societal expecta-
tions regarding water quality and the protection of this
resource. In Europe, these statements led to the develop-
ment of the Water Framework Directive (WFD, Direc-
tive 2000/60/EC) which requires the Member States to
achieve good quality states of their freshwater ecosystems
[4]. Based on the monitoring of 45 priority substances,
the current WFD strategy is struggling to consider the
impact of complex chemical cocktails found in aquatic
environments [5-7]. In this regard, biological responses,
called biomarkers, have been proposed as a promising
alternative to current regulatory actions [8—10]. In par-
ticular, several studies have demonstrated the value of
monitoring a comprehensive set of biomarkers in multi-
ple sentinel species to reveal hot spots of pollution and
evaluate its adverse effects on aquatic wildlife [11-14].
The Crustacean Gammarus fossarum and the Bivalve
Dreissena polymorpha are two relevant sentinel spe-
cies for tracking the pollution in freshwater ecosys-
tems. Both species have a broad distribution over the
European continent and populations of G. fossarum
and D. polymorpha are found in most of the European
countries [15, 16]. Many studies have shown that these
organisms bioaccumulate different micropollutants in a
dose- and time-dependent manner [17, 18]. Given their
different biological (i.e., feeding behavior, reproduction)
and ecological traits [19-21], these two species are likely
to be affected differently by the pollution and are there-
fore complementary to better evaluate the exposure of
aquatic wildlife to hazardous chemical contamination
[14]. For these two species, a panel of biomarkers has
been developed to assess the biological impacts of pol-
lutants. Specifically, several biochemical, cellular and
molecular biomarkers related to the energy metabo-
lism, detoxification processes and immune response of
D. polymorpha were found to be particularly sensitive
to pollutants under laboratory and field exposure condi-
tions [14, 22]. For G. fossarum, a set of protein biomark-
ers with putative key functional roles (i.e., homeostasis,

osmoregulation, detoxification, molting) are quantified
by multiple reaction monitoring (MRM) mass spectrom-
etry (MS) [23, 24]. This new generation of molecular
biomarkers is emerging as promising tools for revealing
the biological impact of pollutants on G. fossarum [24].
Easy to handle, caging of both species is now well mas-
tered and standardized, offering the possibility to obtain
comparable biological data in real environmental condi-
tions, by using calibrated organisms following an active
biomonitoring strategy [14, 22, 25-27]. However, the lack
of assessment criteria to interpret biomarkers modula-
tions restricts biomarkers use in freshwater biomoni-
toring surveys. The determination of threshold values
emerges as a relevant and operational strategy to support
the application of biomarkers in biomonitoring surveys.
This strategy consists in defining threshold values that
take the natural variability into account; a value observed
out of this threshold then reflects a significant perturba-
tion. In marine biomonitoring, studies have initiated the
determination of threshold values for the application of
biomarkers. International Council for Exploration of the
Sea (ICES) and the Oslo—Paris Commission (OSPAR)
have developed a framework to propose an integrated
assessment of contaminant impacts in coastal and off-
shore areas [28]. Background assessment criteria (BAC)
are defined as the baseline biological condition in healthy
organisms. Ecotoxicological assessment criteria (EAC)
are defined as the level of biological response above
which significant acute and long-term adverse biologi-
cal effects are likely to occur. These threshold values were
defined for a set of biochemical and cellular biomarkers
developed from diverse marine sentinel species, and are
already implemented in biomonitoring surveys to assess
the biological effects of environmental pollutions [29,
30]. In freshwater biomonitoring, threshold values were
defined for some biomarkers of G. fossarum (i.e., feed-
ing behavior, acetylcholinesterase, digestive enzymes)
[31-34] and the three-spined stickleback, Gasteros-
teus aculeatus [35]. Threshold values were also used to
model the influence of confounding factors in biomarker
modulations, such as feeding and reproductive behaviors
of G. fossarum likely influenced by temperature changes
[31, 34]. However, the methodologies applied for defin-
ing threshold values were limited to data collected from
laboratory experiments or data collected from organisms
caged in "reference sites", considered as lowly impacted
by anthropogenic activities. Based on the Gaussian
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distribution of bioaccumulation baselines, Besse et al.
[17] proposed a statistical approach to determine thresh-
olds values of bioaccumulated concentrations of different
metallic and organic pollutants in G. fossarum, without a
priori regarding the status of sites (reference or contami-
nated). Once defined, these threshold values were used
in active biomonitoring studies to detect when pollut-
ants are abnormally bioaccumulated in gammarids and
to characterize the contamination profiles of investigated
environmental sites [17, 36]. The applicability of this
methodology for defining threshold values of biomarker
data was also discussed from a preliminary assay with
Gammarus feeding rate inhibition records in a regional
watershed [37].

Using two sentinel species employed in active bio-
monitoring surveys (D. polymorpha and G. fossarum),
this study aims to propose a methodology for defin-
ing threshold values without a priori and how it can be
implemented for different categories of biomarkers. For
this purpose, the study benefited from exceptional envi-
ronmental data sets, which comprised the measure of
several biochemical, cellular and molecular biomarkers
from mussels and gammarids caged in a hundred envi-
ronmental sites representative of the diversity of French
water bodies. After checking that biomarkers were not
influenced by confounding factors (temperature, con-
ductivity, pH and dissolved oxygen), the methodology of
Besse et al. [17] was improved to define inhibition and/
or induction thresholds specific to each biomarker tested.
To further demonstrate the added value of this approach
in biomonitoring surveys, threshold values were applied
to a new dataset and used to support biomarker-based
diagnosis from mussels and gammarids caged upstream
and downstream of four wastewater treatment plants
(WWTPs).

Materials and methods

Training datasets

To determine threshold values using a procedure based
on the one proposed by Besse et al. [17], the main con-
dition is to dispose of environmental data acquired on
disconnected sites that integrate a diversity of environ-
mental toxicity conditions. For this purpose, thresh-
old values of mussels and gammarid biomarkers were
established from data sets acquired at sites belong-
ing to the monitoring network of French water agen-
cies (Fig. 1). More specifically, these datasets were
obtained from active biomonitoring campaigns con-
ducted within two distinct research projects performed
in 2017 and 2018: the "EQUAL" project for D. polymor-
pha and the "AFB48" project for G. fossarum. For each
biomonitoring surveys, mussels and gammarids were
caged for 2 months and 1 week, respectively, according
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to a standardized caging methodology described in
previous studies [38]. For each investigated site, phys-
icochemical parameters (pH, temperature, dissolved
oxygen and conductivity) of water were monitored
throughout the experiments.

Within the “EQUAL” project, more than 200 mussels
were caged in 23 sites monitored by the French water
agency of the Rhin-Meuse basin (RM) (Fig. 1). In consul-
tation with water operators, caging sites were selected: (i)
to be representative of the diversity of the water bodies
found in the Rhin-Meuse basin, and (ii) to consider dif-
ferent types of anthropogenic pressure, including agricul-
tural and urban discharges. After 2 months of exposure,
hemolymph and gland digestives from 10 mussels were
sampled for cellular and molecular analysis, respec-
tively, and 9 pools of 3 digestive glands were sampled
for measuring energy reserves (lipids, glucose, glycogen
and protein contents) and enzymatic assays (the remain-
ing organisms were used in another study). In the AFB48
project, more than 250 male gammarids were caged
for 7 days in 56 environmental stations: (i) distributed
over the French territory, and (ii) monitored by the six
regional French regional water agencies to implement
WED requirements (Fig. 1). After 7 days of exposure, 5
gammarids per site were randomly sampled, weighed,
frozen in liquid nitrogen, and stored at — 80 °C for prot-
eomic investigations. Remaining gammarids were used in
another study for feeding assays and acetylcholinesterase
(AChE) assays.

Case study

As a case study, threshold values were applied to a bio-
marker dataset obtained from the Interreg France-Wal-
lonie-Vlaanderen program DIADeM (“Development of
an Integrated Approach for the Diagnosis of the water
quality of the Meuse River”). In this collaborative Euro-
pean project, zebra mussels and gammarids were caged
upstream and downstream of several WWTPs located
in four cities of the French—Belgian Meuse River basin
(Fig. 2). More specifically, mussels were caged for two
months at up- and downstream WWTPs of three cit-
ies (Namur, Charleville Méziéres and Charleroi) while
gammarids were caged up- and downstream WWTPs
of Namur and Bouillon. As detailed before, mussels and
gammarids were sampled after 2 months and one week of
exposure, respectively, for biomarker investigations. For
D. polymorpha, energy reserves and enzyme activities
were analyzed from 9 pools of 3 digestive glands while 10
digestive glands and 10 hemolymph fractions were sam-
pled for molecular and cellular analysis, respectively. For
gammarids, 10 organisms per caging site were collected,
weighed and frozen until proteomic investigations.
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@ Gammarus fossarum
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A Dreissena polymorpha
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Source : BD Carthage ® 2021

Fig. 1 Distribution of caging sites monitored within the project “EQUAL"for D. polymorpha, and the project “AFB48" for G. fossarum. The blue
triangles correspond to the 23 caging sites of zebra mussels (EQUAL) while red dots represent the 56 environmental sites where gammarids were
caged (AFB48). The geographical boundaries on the map represent the boundaries of the six French regional environmental agencies: Adour
Garonne (AG), Artois-Picardie (AP), Loire-Bretagne (LB), Rhin-Meuse (RM), Rhone Méditerranée-Corse (RMC) and Seine-Normandie (SN)

Biomarker measurements

Biomarkers in Dreissena polymorpha

A panel of biochemical, cellular and molecular biomark-
ers related to the energy metabolism, immune system
and general stress response was measured in different
tissues of zebra mussels (Table 1). As described in Hani
et al. [39], energy acquisition (Ea) was estimated by
measuring proteins, lipids, carbohydrates (glycogen
and glucose) contents in whole tissues of zebra mussels
while energy consumption (Ec) was estimated by meas-
uring the activity of the electron transport system (ETS).
Then, an integrative biomarker (CEA: cellular energy

allocation) was calculated, according to the following
formula: [CEA=Ea/Ec] [40]. Still linked to the energy
metabolism, several digestive enzyme activities (amyl-
ase, lipase, acid phosphatase “PAC’, alanine aminotrans-
ferase “ALAT”, lipase and lactate dehydrogenase “LDH”)
were monitored in the digestive glands of mussels using a
standardized protocol described in Hani et al. [39].

For the general stress response in mussels, both phe-
noloxidase (PO) activity and glutathione-s-transferase
activity (GST) were monitored in digestive glands as
described in previous studies [42, 43]. In addition to
these biochemical biomarkers, gene expressions of the
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Fig. 2 Environmental sites investigated within the DIADeM project. While mussels were caged up and downstream WWTPs of Namur, Charleroi
and Charleville Méziéres, gammarids were exclusively caged up- and downstream WWTPs of Namur and Bouillon (the figure modified from Catteau

cytochrome C oxidase (Cox) and the mitochondrial ATP
synthase (ATPase) were measured by RT-qPCR in the
digestive glands of D. polymorpha as performed in Louis
et al. [44]. Finally, after withdrawing hemolymph from
the mussel posterior muscle, phagocytic efficiency of
hemocytes was assessed by flow cytometry (Accuri C6
flow cytometer, Becton Dickinson) following the protocol
described in Barjhoux et al. [41].

Protein biomarkers in Gammarus fossarum

A total of 32 peptides related to 23 proteins involved
in reproduction, osmoregulation, molting processes
and general stress response (Additional file 1: Table S1)
were quantified by dynamic MRM (dMRM) in male
gammarids using a standardized protocol validated by
Faugere et al. [45]. Briefly, after protein extraction and
digestion, 32 heavy-labeled peptides were spiked in sam-
ples with the same quantities. Samples were then purified
and concentrated by solid-phase extraction (SPE) prior
to LC-MS/MS analysis. Peptide solutions were analyzed
using an Agilent 1290 Infinity II High Performance Liq-
uid Chromatography (HPLC) system coupled to an Agi-
lent 6495B triple quadrupole mass spectrometer (Agilent
Technologies, Waldbronn, Germany) in dMRM mode

with the same parameters as detailed by Faugere et al.
[45].

Quantitative data of targeted peptides were estimated
after automatic and manual integration of chromato-
graphic peak areas using MassHunter Quantitative Anal-
ysis software (version B.09.00; Agilent Technologies).
Peptides were quantified thanks to their most intense
and the least interfered MRM transition. Peptide concen-
trations in gammarid samples were calculated using the
endogenous/labeled peptide peak area ratio, since labeled
peptides were spiked in samples at the same concentra-
tion (4 pg/mL). Except for the definition of threshold
values, peptides quantified below their limit of quanti-
fication (LOQ) were replaced by LOQ concentrations
defined in previous studies for each targeted peptide.

Statistical approach

Correlation between biomarkers and confounding factors
Pearson’s correlation tests were performed to evaluate
the effects of confounding factors (temperature, con-
ductivity, pH and dissolved oxygen levels) on biomarker
modulations. Thanks to the R package “ggcorrplot’, cor-
relation matrices were performed to pinpoint the most
correlated variables. Then, correlation details between
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Table 1 Description of mussels and gammarid biomarkers and related threshold values

Sentinel species Targeted organs/cells Class of biomarkers Biological functions

Methodology Response to contaminants

D. polymorpha Hemocytes Cellular activity

Digestive gland Enzymatic activity

(GST)
Lipase

Amylase

Phagocytosis efficiency
Phenoloxidase (PO)
Glutathione S-transferase

Inhibition
Induction

Barjhoux et al. [41]
Janssens and Stoks [42]
Habig et al. [43]

Hani et al. [39] Inhibition-Induction

Lipase and lactate dehy-
drogenase (LDH)

Amylase, acid phosphatase

(PAC)

Aspartate transaminase

(ASAT)
Energy reserve

Protein content

Hani et al. [39] Inhibition

Glycogen content

Lipid content

Glucose content

Electron transport system

(ETS)

Cellular energy allocation

(CEA)

Gene expression
(Cox)

Cytochrome C oxidase

Louis et al. [44] Induction

ATP synthase (ATPase)

G. fossarum Whole tissues Peptide biomarkers

Reproduction

Gouveia et al. [24] Inhibition-Induction

Osmoregulation
Molting process
General stress response

biomarkers and confounding factors were inspected visu-
ally using scatter plots. Two variables were considered
correlated with a correlation coefficient (R) greater than
|0.5] and a p value lower than 0.05 according to Pearson’s
correlation tests.

Definition of threshold values

Determination of biomarker threshold values was con-
ducted using mussel and gammarid biomarker data-
sets obtained from the “EQUAL” and “AFB48” projects,
respectively. For each biomarker not influenced by con-
founding factors and measured in at least 70% of samples,
threshold values were statistically defined using a meth-
odology adapted from Besse et al. [17] (only values higher
than the LOQ were retained). This methodology assumes
that the natural variability of a biomarker, for organisms
living in a “healthy” environment without pollution, com-
bined with noise would be characterized by a Gaussian
distribution. The methodology was initially developed to
determine bioaccumulation thresholds: for a given sub-
stance, all bioaccumulation data observed in organisms
exposed at different sites were sorted from the lowest to
the highest value. A Shapiro—Wilk test was applied on

the overall dataset to test if the distribution is Gaussian.
If not, the highest value was removed from the dataset
and the normality tested again. This iterative process
was stopped when the dataset was distributed according
to a Gaussian law. The threshold value was thus defined
by the Gaussian distribution obtained at the end as the
95% percentile (Fig. 3). Using a home-made R script, this
original approach was improved by adding bootstrapping
and adapted to biomarkers that could be inhibited by a
pollutant (and for which an inhibition threshold should
be defined) and to biomarkers that could be induced and
inhibited (and for which both induction and inhibition
thresholds should be defined) (Table 1).

For biomarkers that are only induced, the methodol-
ogy used to define an induction threshold was: (i) from
the complete initial dataset, a random sample of n=30
values was realized, sorted from the lowest to the high-
est value and the approach proposed by Besse et al. [17]
described above was applied to obtain an induction
threshold value; (ii) this procedure was repeated z= 1000
times to deduce, from the z data samples, z threshold val-
ues; and (iii) finally, the estimated threshold value corre-
sponded to the mean of the z threshold values.
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Fig. 3 Pipeline for the determination of threshold values of D. polymorpha and G. fossarum biomarkers. For well-measured biomarkers, and not
influenced by confounding factors, induction (green) and/or inhibition (red) thresholds were defined according to the methodology adapted from
Besse et al. [17]

For biomarkers that are only inhibited, the methodol-  values was realized, sorted here from the highest to the
ogy used to define an inhibition threshold was: (i) from  lowest value. Then, a Shapiro—Wilk test was realized and
the complete initial dataset, a random sample of n=30 if the Gaussian distribution was not verified, it was in this
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case the lowest value that was removed from the data.
The normality was tested again and the iterative process
was run until obtaining a Gaussian distribution from
which an inhibition threshold was defined as the 95th
percentile; (ii) as before, this procedure was repeated
z=1000 times to deduce, from the z data samples, z inhi-
bition threshold values; and (iii) finally, the inhibition
threshold value retained corresponded to the mean of the
z threshold values.

For biomarkers that could be induced and inhibited, we
used the two methods previously described to separately
estimate the inhibition and the induction thresholds.
The issue here is to define a methodology to separate
the “inhibition dataset” to the induction one. From the
whole data sorted from the lowest to the highest value,
we defined: (i) the “induction dataset” by eliminating the
lowest values constituted by the g=35 first percentiles;
and (ii) the “inhibition dataset” by eliminating the high-
est values constituted by the g=35 last percentiles. Then,
the methodology described above to determine an induc-
tion threshold was applied on the induction dataset and
the one used to determine an inhibition threshold was
applied on the inhibition dataset.

Note that we tested different values for #, z and g and
those retained for all datasets ensure the robustness of
the results. The distribution of biomarker data and their
defined threshold values (inhibition and/or induction
thresholds) are illustrated in Additional file 5: Fig. S1.

Identification of modulated biomarkers using threshold
values

Threshold values were applied to biomarker datasets
obtained from the DIADeM project to reveal biomarkers
affected in mussels and gammarids caged up- and down-
stream several WWTPs. Thanks to these thresholds, a
biomarker was considered impacted within a specific
environmental site when more than 50% of values were
observed below or above its inhibition and/or induction
thresholds, respectively.

Results and discussion

Definition of threshold values specific to D. polymorpha
and G. fossarum biomarkers

The definition of threshold values requires data rep-
resentative of spatial and temporal variations encoun-
tered in the natural environment. In this study, active
biomonitoring surveys conducted at the Rhine-Meuse
basin (EQUAL) and the national (AFB48) scales pro-
vided a large number of environmental data regarding
the biological responses of D. polymorpha and G. fos-
sarum. More specifically the panel of biochemical, cellu-
lar and molecular biomarkers measured in mussels and
gammarids caged in sites representative of the diversity
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of French water bodies, constitutes an ideal data set to
demonstrate the possibility of estimating relevant thresh-
old values. Caging experiments performed within the
“EQUAL” project resulted in the acquisition of more than
180 data of biomarkers responses acquired from zebra
mussels transplanted in 23 environmental sites (Addi-
tional file 2: Table S2). In the AFB48 project, 32 peptides
related to 21 proteins were quantified by dAMRM in hun-
dreds of male gammarids caged in 55 environmental sites
distributed over the French territory, resulting in the
acquisition of more than 270 recorded data per peptide
(Additional file 3: Table S3).

Using Pearson’s correlation tests, we first made sure
that biomarker fluctuations were not influenced by
temperature, conductivity, pH and dO2 levels found
in freshwater environments (Additional file 6: Fig. S2
and Additional file 7: Fig. S3). No linear correlation was
observed between gammarid peptides and confounding
factors. Correlation coefficients (R) between peptide con-
centrations and confounding factors ranged from — 0.16
to 0.31. The peptide “GIDIIGDAFEADR” and the temper-
ature were the most correlated variables with an R of 0.31.
However, using scatterplot visualization, no clear correla-
tion was observed (Additional file 6: Fig. S2). Higher cor-
relations were observed between mussel biomarkers and
confounding factors with R values ranged from — 0.59
to 0.54 (Additional file 7: Fig. S3). More specifically, sev-
eral biomarkers linked to energy metabolism were found
correlated with some confounding factors with R values
greater than |0.5] and a p value lower than 0.05 accord-
ing to Pearson’s correlation tests. It included LDH activ-
ity, positively correlated to the temperature with an R of
0.54 as well as glycogen content, ETS and PAC activity
negatively correlated to dO, levels with R values lower
than — 0.5. Scatter plots showed that extreme values of
glycogen content, ETS and LDH activity were observed
at extreme levels of temperature and dO,, supporting the
hypothesis that these biomarkers are influenced by con-
founding factors. The methodology of Besse et al. [17] is
not adapted for defining threshold values of biomarker
measurements correlated with confounding environmen-
tal factors. This is because the resulting inflated variabil-
ity of biomarker levels impedes a clear discrimination of
a statistical group of reference data from marginal levels
due to the sole influence of contamination. Such a chal-
lenge first requires to better characterize the impact of
confounding factors in biomarker modulation through
laboratory-controlled experiments [31, 35]. Then nor-
malized data can be analyzed by the methodology based
on the Gaussian hypothesis, as exemplified by feeding
rate data [37]. For our demonstration exercise, thresh-
old values were not defined for mussel biomarkers sus-
pected of being influenced by confounding factors, which
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included biomarkers related to the energy reserves, LDH
and PAC activities (Fig. 3, Additional file 4: Table S4).

For other biomarkers, thresholds were defined using
the methodology adapted from Besse et al. [17], which
relies on the normal distribution of data to statistically
define threshold values (Fig. 3). Contaminants can posi-
tively or negatively affect biological responses of sentinel
species, therefore, induction and/or inhibition thresholds
were defined depending on the nature of tested biomark-
ers and their implication in response to environmen-
tal pollution (Fig. 3). Overall, threshold values could be
established for 8 biochemical, cellular and molecular bio-
markers monitored in D. polymorpha (Fig. 3, Additional
file 4: Table S4) and 25 peptide biomarkers quantified
in G. fossarum (Fig. 3, Additional file 1: Table S1). More
specifically, inhibition thresholds could be defined for 4
biomarkers of D. polymorpha and 25 peptides of G. fos-
sarum, with 3—13% of data observed under the inhibition
thresholds (Fig. 3). Induction thresholds were defined for
7 biomarkers of D. polymorpha and 24 peptides of G. fos-
sarum, with 7-27% of data measured above the induction
thresholds (Fig. 3).

For D. polymorpha, phagocytosis efficiency of hemo-
cytes included exclusively inhibition threshold (Table 1),
since previous ecotoxicological studies have shown that
chemical pollutants can induce immunotoxic effects on
wildlife species by decreasing their phagocytosis capac-
ity [46]. Furthermore, according to Le Guernic et al
[47], a decrease in beads phagocytosis activities of D.
polymorpha hemocytes may reflect the stimulation of the
immune response during microbial infection. Conversely,
only induction thresholds were defined for gene expres-
sions (Cox, ATPase) and PO enzymatic activities moni-
tored in the digestive glands of D. polymorpha (Table 1).
The Cox and ATPase genes are key molecular players
in cellular energy production and are generally induced
during cellular stress to supply the energy needed to cope
with pollutants [14, 44, 48]. Involved in detoxification,
antioxidant defense and immune processes, PO enzymes
are emerging as valuable biomarkers for tracking envi-
ronmental pollution. Several laboratory and field studies
observed an increase in PO activities when aquatic inver-
tebrates were exposed to pollutants, including in D. poly-
morpha [49-51]. Finally, both inhibition and induction
thresholds were set for digestive enzyme activities (lipase,
amylase, ASAT) monitored in the digestive gland of D.
polymorpha. The activities of digestive enzymes depend
on different parameters (intrinsic hydrolytic proper-
ties, rates of synthesis, rates of secretion for enzymes
for extracellular activity) on which a pollutant is likely to
have an effect by interacting directly or indirectly with
the protein. As pinpointed by previous research studies,
pollutants found in the environment may promote the
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activation of digestive enzymes while many other pol-
lutants impaired by inhibiting the activity of digestive
enzymes [52].

Under stressful conditions, the synthesis of specific
proteins can be boosted to support an appropriate bio-
logical response to pollutants. In contrast, pollutants
and other cellular stress can damage proteins, leading to
their degradation. Thus, both inhibition and induction
thresholds were defined for 24 peptides well detected and
quantified in gammarid samples (Fig. 3). These ready-to-
use peptide biomarkers were linked to several vital func-
tions of G. fossarum, including osmoregulation, molting
processes, and general stress response, likely impacted by
the environmental contamination [53, 54]. In contrast,
thresholds could not be defined for 7 peptides detected
below the LOQ in more than 70% of gammarids (Addi-
tional file 1: Table S1) since the methodology proposed
here requires a minimum amount of data for defining
a Gaussian distribution and then determine threshold
values. Not surprisingly, most of these peptides were
related to female yolk proteins, such as vitellogenin-like
proteins (Additional file 1: Table S1). Given their impli-
cation in vitellogenesis processes, VIGs are normally
found in female organisms. However, their detection in
male gammarids may indicate a stressful situation induce
by environmental pollution since VTGs are also believed
to play roles in antioxidant and immune defenses [55].
Thus, the simple presence of peptides related to VTGs in
male gammarids could be indicative of pollution-induced
stress and LOQs established for these peptides could be
set as induction thresholds. Other peptides detected at
low levels in male gammarids were related to three pro-
teins involved in molting processes (Cytochrome P450,
JHE-like carboxylesterase) and general stress response
(hemocytin). Although these peptides may be present in
too low abundance in the samples, they may not respond
sensitively to MRM instruments or may be subject to
post-translational modifications, rendering them unde-
tectable [56]. For example, in this study, two peptides
(“APILEGYFSK’, “VPAILESFPGR”) of a PO-like protein
were quantified in G. fossarum by MRM. While the pep-
tide “APILEGYFSK” is located in the central part of the
PO protein, the peptide "VPAILESFPGR" is found at the
end of the N-terminal domain, which is actually consid-
ered as the cleavage site of pro-PO enzymes [57] (Addi-
tional file 8: Fig. S4). Therefore, the quantification of the
peptide "APILEGYFSK" may reflect the true abundance
of PO in the sample whereas the depletion of the peptide
“VPAILESFPGR” may indicate the cleavage and activa-
tion of PO enzymes. For this reason, both induction
and inhibition thresholds were proposed for the peptide
“APILEGYFSK’, but only inhibition threshold was defined
for the peptide “VPAILESFPGR”.
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Biomarker-based diagnosis using threshold values

Once defined, the threshold values were used to assess
biomarker modulations in mussels and/or gammarids
caged upstream and downstream of 4 WWTPs (DIA-
DeM project). Several biomarkers were impacted in
zebra mussels caged in Namur, Charleroi and Char-
leville Méziéres (Fig. 4). Out of the 8 biomarkers with
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defined threshold values, 6 biomarkers were considered
modulated with more than 50% of data below the inhi-
bition or above the induction thresholds in at least one
environmental site. A higher number of biomarkers were
considered impacted in mussels caged at Charleroi com-
pared to other cities, with four biomarkers (PO, amyl-
ase, ASAT activities and Cox gene expression) observed
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above induction thresholds in mussels caged upstream
and downstream the WWTP (Fig. 4). In all sites, some
biomarkers were modulated in mussels caged down-
stream the WWTPs but not in mussels caged upstream
the WWTPs, highlighting the adverse effects of WWTP
discharges on aquatic wildlife. For example, Cox gene
expression and amylase activity were measured above
the induction thresholds only in mussels caged down-
stream of WWTPs of Charleville Méziére and Namur,
respectively (Fig. 4). Similarly, phagocytosis efficiency
was observed below the inhibition threshold exclusively
in mussels caged downstream the WWTP of Charleroi,
revealing a potential microbial or immunotoxic pollu-
tion released by the WWTP [58, 59] (Fig. 4). Several bio-
markers were also considered impacted in mussels caged
upstream the WW TPs, indicating a potential contamina-
tion not related to the discharges of WWTPs. For exam-
ple, ASAT and lipase activities were observed above the
induction thresholds in more than 50% of mussels caged
upstream and downstream the WW TP of Namur (Fig. 4).
At Charleville Méziére, the amylase activity of mussels
was modulated in mussels caged upstream the WWTP
while no modulation was observed in mussels caged
downstream the WWTP (Fig. 4).

Among the 26 peptide biomarkers quantified in G. fos-
sarum, only one peptide was observed out of threshold
values and was considered as impacted. More specifically,
the peptide "VPAILESFPGR" was found at concentra-
tions below the inhibition threshold in 50% and 90% of
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gammarids caged upstream the WWTP of Bouillon and
downstream the WWTP of Namur, respectively (Fig. 5).
As detailed before two peptides from the cleavage site
and the core part of a PO enzyme were targeted by MRM.
The core peptide “APILEGYFSK” was found in similar
concentrations among caged gammarids (Fig. 5), sug-
gesting that PO is present in the same quantity. As dis-
cussed before, the modulated peptide “VPAILESFPGR”
is located at the cleavage site of the pro-PO and its loss
of detection in MRM assays may indicate the cleavage of
Pro-PO to PO. Thus, the decrease of "VPAILESFPGR"
concentrations observed in gammarids caged upstream
of Bouillon-WWTP and downstream of Namur-WWTP
suggests an activation of PO enzymes in these sites.
Overall, these results demonstrate the relevance of
implementing threshold values for the application of bio-
markers in freshwater biomonitoring surveys. The imple-
mentation of threshold values, defined from calibrated
organisms, allowed the comparison of sites disconnected
from each other without the need for a related a priori
reference site. In contrast to the classical upstream/
downstream impact study approaches, the implementa-
tion of threshold values improves the diagnosis of water
quality by offering the possibility to assess the quality of
upstream sites and making it possible to better charac-
terize the impact of discharges at specific sites. Indeed,
without the use of threshold values, the degraded qual-
ity at the upstream sites of the Namur and Charleroi
WWTPs (ASAT, lipase and amylase) could not have been
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detected and their use as reference sites to investigate
the contamination downstream of the WWTPs would
lead to misinterpretations. This statement is consistent
with the observations made by Chaumot et al. [37] on
AChE activity measured in caged gammarids. Similarly,
in female gammarids caged in situ, the definition and
application of threshold values provided the opportunity
to discriminate molt modulations related to the pres-
ence of contaminants from those related to tempera-
ture variations among investigated sites [34]. The results
acquired on mussels and gammarids were not compa-
rable due to the different biomarkers tested and the dif-
ferent exposure times. However, given the large number
of biomarkers impacted in mussels caged both up- and
downstream of the WW TP, biomarker investigation sug-
gests that Charleroi sites are the most impacted ones by
human activities. This hypothesis agrees with the chemi-
cal contamination profiles since Catteau et al. [14], which
showed that the highest concentrations of pharmaceuti-
cal and domestic pollutants were found in Charleroi site.
The biomarker-based diagnostic using thresholds also
demonstrates the adverse impacts of WWTP effluents
on freshwater invertebrates. In particular, biomarkers
linked to the energy metabolism (amylase activity) for
mussels and the general stress response (PO activity) for
gammarids were modulated downstream the WWTP of
Namur while no modulation was noted in animals caged
upstream the WWTP.

Conclusions

Thanks to several environmental datasets representative
of French water bodies, this study demonstrates the pos-
sibility of proposing threshold values for a wide range of
biochemical, cellular and molecular biomarkers meas-
ured in two freshwater sentinel species, D. polymorpha
and G. fossarum. Apart from the biomarkers suspected of
being influenced by abiotic confounders, inhibition and/
or induction thresholds were defined according to exist-
ing literature knowledge regarding their modulation pro-
files against pollutants. Subsequently, the application of
these threshold values proved to be particularly relevant
for diagnosing the impact of pollution in upstream and
downstream several WWTPs of the Rhin-Meuse basin.
Without the need for "reference sites", the biomarkers
found abnormally modulated in caged animals made it
possible to identify environmental sites impacted by envi-
ronmental pollution and evaluate the effect of WWTPs
on the biology of freshwater invertebrates.

For mussel biomarkers suspected sensitive to tem-
perature and dO2, future investigations will be required
to integrate the influence of these confounding factors
into the definition of threshold values. Furthermore, it
should be mentioned that threshold values defined in
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this study should be validated and/or refined by further
investigations. Indeed, much more data you have along
the gradient of possible modulation for a biomarker,
much more relevant and precise will be the thresholds.
Once validated, thresholds defined in situ by the meth-
odology proposed in this study will offer the possibility
to compare biological data collected from a multitude
of environmental sites and sampling dates. Finally, the
threshold values specific to each biomarker could be
used by water operators to improve and facilitate the
diagnosis of environmental pollution within freshwater
biomonitoring surveys.
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