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ECOTOX, NEW QUESTIONS FOR TERRESTRIAL AND AQUATIC ECOTOXICOLOGY
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Abstract
The effectiveness of environmental protection measures is based on the early identification and diagnosis of anthropogenic
pressures. Similarly, restoration actions require precise monitoring of changes in the ecological quality of ecosystems, in order to
highlight their effectiveness. Monitoring the ecological quality relies on bioindicators, which are organisms revealing the
pressures exerted on the environment through the composition of their communities. Their implementation, based on the
morphological identification of species, is expensive because it requires time and experts in taxonomy. Recent genomic tools
should provide access to reliable and high-throughput environmental monitoring by directly inferring the composition of
bioindicators’ communities from their DNA (metabarcoding). The French-Swiss program SYNAQUA (INTERREG France-
Switzerland 2017–2019) proposes to use and validate the tools of environmental genomic for biomonitoring and aims ultimately
at their implementation in the regulatory bio-surveillance. SYNAQUA will test the metabarcoding approach focusing on two
bioindicators, diatoms, and aquatic oligochaetes, which are used in freshwater biomonitoring in France and Switzerland. To go
towards the renewal of current biomonitoring practices, SYNAQUAwill (1) bring together different actors: scientists, environ-
mental managers, consulting firms, and biotechnological companies, (2) apply this approach on a large scale to demonstrate its
relevance, (3) propose robust and reliable tools, and (4) raise public awareness and train the various actors likely to use these new
tools. Biomonitoring approaches based on such environmental genomic tools should address the European need for reliable,
higher-throughput monitoring to improve the protection of aquatic environments under multiple pressures, guide their restora-
tion, and follow their evolution.
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Introduction

The use of a resource or an ecosystem, such as water bod-
ies, usually generates alterations. These alterations can be
inputs of nutrients, organic matter, or toxic components via
human activities or changes in the hydromorphology
(Carpenter et al. 2011). Nowadays, the impairment of
freshwater systems and their aquatic biodiversity is recog-
nized and several attempts and legal frameworks exist in
order to protect and/or rehabilitate these ecosystems
(Vörösmarty et al. 2010).

In Europe, the water quality assessment has been ruled by
EU-Water Framework Directive (WFD, European Commission
2000) since its adoption in October 2000. Biomonitoring of
rivers and lakes has been applied for years according to the
requirements of the WFD in France and the Système modulaire
gradué (Liechti et al. 1998) in Switzerland. These regulations
brought several essential principles that radically changed the
way of managing the water quality assessment. In particular,
not only the physicochemical status but also the ecological
status of water bodies is assessed through bioindicators as dia-
toms, oligochaetes, macroinvertebrates, aquatic plants, or fish.
The advantage of bioindicators is that the biota can predict the
cumulative impact of several pressures and integrates the envi-
ronmental fluctuations (Holt and Miller 2011). This ecological
approach, which has become central, has been a huge step
towards a relevant water quality assessment but presents some
limitations.

Conventional biomonitoring methods are time-consuming,
require high taxonomical expertise, and remain error-prone.
Moreover, their standardization is very challenging. In that
context, the analysis of bioindicator communities with geno-
mic methods such as DNA metabarcoding (Taberlet et al.
2012) could tackle most of the conventional method lim-
itations, bring innovative solutions, and enable the inves-
tigation of prokaryote and eukaryote biodiversity present
in environmental samples (Creer 2010). This new ap-
proach based on DNA-based identification of taxa,
coupled with high-throughput DNA sequencing on next-
generation sequencing platforms, has been named
BBiomonitoring 2.0^ by Baird and Hajibabei (2012).
That’s why scientists from INRA (France) and Geneva
University (Switzerland) with expertise in aquatic bio-
monitoring and DNA metabarcoding decided to join
forces to develop and implement such genomic methods.
The 2014–2020 Interreg France-Switzerland cooperation
program gives them the opportunity to achieve this goal
by supporting the SYNAQUA project.

The project as well as preliminary results was presented
during the 6th meeting of the INRA Ecotox network, in
December 2017 in Alixan (France). This highlight research
paper aims to precise SYNAQUA objectives, contents, and
expected impacts.

Towards a DNA-based biomonitoring
of aquatic ecosystems: the SYNAQUA project

Main aims

One of the innovating aspects of the project is to address
scientific and technical issues as well as related socioeconom-
ic aspects. The ultimate aim is to succeed in the novel tool
development and implementation while involving in the same
project, scientists, future users, and persons who stand to ben-
efit from it.

& At first, the novel genomic technics developed by the sci-
entists of the French and Swiss partners will be applied to
assess the ecological status of rivers and Lake Geneva in
both countries. Their implementation and results will be
compared to those of conventional approaches.

& The second aim of the project is to contribute to the de-
velopment of the method: determination of the most reli-
able sampling protocol, test, and validation of DNA
barcodes and of the right primers for both bioindicators
(diatoms and oligochaetes), validation and development
of reference libraries, choice of a stable and efficient
HTS (high-throughput sequencing) technology protocol,
identification of the best-practice standard work flow to
analyze and store data. Eventually, novel eco-genomic
indices will be developed.

& Communication and knowledge dissemination campaigns
will be implemented in order to raise awareness of geno-
mic method applications among both citizens and profes-
sional stakeholders. These actions will promote this
French-Swiss territory as an innovative one in the fields
of environment preservation and restoration. This high-
light should boost the implementation of the novel
methods in other territories and countries.

& Environmental stakeholders will be invited to co-build
scenarios of implementation of the novel technics during
interactive workshops. Most of the implementation issues,
from practical to regulatory aspects, should be addressed
at a European level.

& Finally, an accurate high-definition cartography of the
ecological quality of Lake Geneva coastline will be pro-
duced and will constitute a relevant support for further
concerted French-Swiss decisions and actions towards
protection and restoration of the lake coastline, enlighten-
ing the inputs of methods developed in the project.

SYNAQUA is very consistent with the WFD as its main
aim is to produce and apply relevant and cost-effective tools
that will improve the ecological status of rivers and lakes. The
project is as much relevant for Swiss water quality assessment
and the novel tools could be easily implemented in
Switzerland.
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Project organization

The SYNAQUA project was launched on January 1, 2017,
and should endMay 31, 2019. It was set up by a consortium of
public and private organizations from France and Switzerland.
Partners are involved in one or more of the four operational
work packages (WP) according to their expertise (Fig. 1). A
fifth WP encompasses all management project’s tasks as fi-
nancial and administrative aspects, partners’ meeting organi-
zation, website creation and moderation, management, and
supervision.

Table 1 summarizes the tasks related to each operational
work package.

The project is supported by 2014–2020 Interreg European
cooperation program promoting the exchange of experience
and the transfer of good practices between actors at all levels
in Europe. The French-Swiss project is funded by the
European regional development fund (ERDF) of up to
393.000 Euros and a Federal grant (150.000 CHF) covering
respectively 60% of the French total cost and 29% of the
Swiss total cost. Funding was also provided by Swiss cantons
(Valais, Geneva, Vaud) to come to the end of the 1.15 M€
global budget. Financial and administrative aspects are han-
dled at a regional level (Région Bourgogne Franche-Comté in
France and Coordination Régionale INTERREG in
Switzerland).

The project has also been supported by environmental
stakeholders such as French Agency for Biodiversity (AFB),
the International Commission for the Protection of Lake
Geneva (CIPEL), Association for the Protection of the Lake
of Geneva (ASL), Syndicat Intercommunal d’Aménagement
du Chablais (SIAC), and Syndicat mixte des affluents du sud-
ouest lémanique (SYMASOL).

From conventional to DNA-based
bioassessment

The water quality assessment includes chemical analysis and
bioassessment based on various biological organisms. Even if

result interpretation can be difficult, bioassessment enables a
temporal integrated evaluation of pollution pressure and mea-
sures its impact on aquatic ecosystems. The WFD has largely
contributed to favor various bioindicator development and
implementation.

Diatoms (Bacillariophyceae) are widely distributed
microalgae that have been considered as relevant bioindicators
of water quality since more than a century (Kolkwitz and
Marson 1908; Rimet 2012). These primary producers present
in freshwater biofilms on solid substrates encompass numer-
ous species with various ecological preferences that makes
them efficient and widely usable bioindicators. Furthermore,
their community composition is related with the water quality
of the two past months. Finally, their frustule (siliceous skel-
eton) provides morphological features that are used to identify
them thanks to microscopy.

Many diatom-based indices have been developed in
Europe using the Zelinka and Marvan formula (Zelinka and
Marvan 1961), which takes into account the pollution optima
and tolerance of each taxon in the community sampled. In
France, the Biological Diatom Index (BDI, Lenoir and Coste
1996) was set up and used to monitor the watercourses quality.
This index was adopted in the framework of the WFD by
AFNOR in 2000 with a new version in Avril 2016 (AFNOR
2016). In Switzerland, the Swiss Diatom Index (DI-CH,
Hürlimann and Niederhauser 2007) based on the same princi-
ple was proposed in order to characterize the biological status
of rivers and streams and classify them as established by the
Swiss Federal Council in the Waters Protection Ordinance
(WPO 1998).

Traditional diatom analysis includes several steps present-
ed on Fig. 2: biofilm sampling, sample treatment (EN 13946,
AFNOR 2016), diatom identification at species level, and rel-
ative abundance measurement thanks to microscopic observa-
tion and taxonomical expertise (EN 14407, (AFNOR 2016).
Finally, the specific inventory and the relative abundance of
each species allow to calculate the value of a diatom index of
ecological quality. The results are expressed as an ecological
quality ratio (EQR) which is the quotient between the site
metrics value and the reference condition one within the same

Fig. 1 SYNAQUAwork
packages and major partners
(leaders in bold) (FR: French;
CH: Swiss)
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hydroecoregion (HER: homogeneous areas characterized by
similar climate, geology, and topography) (Coste et al. 2009;
Wasson et al. 2002).

Aquatic oligochaetes are an important group of freshwater
benthic invertebrates, abundant in fine, sandy, and coarse

sediments of watercourses and lakes, as well as in the
hyporheic zone and groundwater (Vivien et al. 2014; Lafont
and Vivier 2006). The group includes a large number of spe-
cies showing a wide range of tolerance to chemical pollution
(Rodriguez and Reynoldson 2011; Lafont 1989).

Table 1 Work package tasks

Operational work package Tasks

WP1
Environmental assessment

Diatoms Both traditional and genomic methods will be applied on 126 river sites, chosen
among the regulatory biomonitoring network in France (86 samples) and
Switzerland (40 samples). Thus, results will be compared.

Sampling and traditional and genomic diatom analysis will be performed on 156
sites of Lake Geneva.

Physicochemical analyses of water samples will be performed in parallel for all sites.

Oligochaetes Both traditional and genomic methods will be applied on river and Lake Geneva sites.
Physicochemical analyses of sediments (measurement of heavy metals, PCBs,

PAHs, organic matter and granulometry) will be performed in parallel.

WP2
Genomic tool development

and validation

Development of a high-throughput biomonitoring method: Improvement of
reference libraries, validation of genetically based biological indices
(sampling, DNA extraction and amplification, sequencing, species assignation,
and indices calculation). Standardization of genomic indices. Economical validation
and elaboration of a business development plan for Swiss market.

WP3
Awareness of the genomic

tools for biomonitoring

Targeted at primary and
secondary-school pupil

Education tool development, organization of educational trip around Lake Geneva,
meeting of scientists, visit of INRA or Geneva University genomic laboratories,
organization of workshop on the occasion of various scientific events.

Targeted at professional
stakeholders

Interactive workshops will be prepared and organized in order to devise realistic
and convenient scenarios for stakeholders and regulatory authorities.

Targeted at citizens Partners will be involved in public events that will take place around Lake Geneva,
using various communication resources designed on purpose.

Web site creation: http://www6.inra.fr/synaqua/

WP4
Preservation/restoration

WP1 results will enable to set up a high-resolution cartography of the ecological
quality of Lake Geneva coastline. This cartography should support decision-makers
to focus on at-risk sites and support them in initiating concerted action plan of
preservation/restoration.

Fig. 2 Conventional method workflow
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Several bioassessment methods based on the analysis of
oligochaete assemblages have been developed. Among them,
the Oligochaete Index of Sediment Bioindication (IOBS) al-
lows to assess the quality of fine/sandy sediments of water-
courses (AFNOR 2016; Prygiel et al. 2000), the Oligochaete
Index of Lake Bioindication (IOBL) to assess the quality of
fine sediments of lakes (AFNOR 2016; Lafont et al. 2012),
and the Functional Traits method to assess simultaneously the
quality of the porous matrix (surficial coarse sediments and
hyporheic zone) of watercourses and the dynamics of the hy-
drological exchanges between surface water and groundwater
(Lafont and Vivier 2006; Lafont et al. 2010; Vivien et al.
2015a). Oligochaetes have been used for many years in
France and in Switzerland to assess the biological quality of
rivers and lakes. For example, the IOBS index was applied
from 2010 to 2013 by theWater Ecology Service of the canton
of Geneva (Switzerland) as part of watercourses quality mon-
itoring program (Vivien et al. 2014; Vivien et al. 2015a) and
oligochaetes have been used for decades to assess the ecolog-
ical quality of Swiss lake sediments (Lang 1997; Lang 2009).

Traditional oligochaete methodologies comprise several
steps (Fig. 2): sediment sieving, oligochaete sorting, mounting
of specimens between slide and coverslip, and identification
of specimens to the species level (microscopic observation).
The number of taxa present in a sample and their abundances
(percentages) are used to calculate the indices. For example,
the IOBS index, that allows to classify the biological quality
of watercourse sediments into 5 classes (from very good to
bad), is calculated using the following formula: IOBS =
10 S.T−1 where S is the total number of taxa per sample and
T is the percentage of Tubificids with or without hair setae,
whichever is dominant in the sediment sample.

Both conventional methods require a long processing time
and a high level of taxonomical expertise to correctly identify
the taxonomic composition of the communities. This results in
(i) long time lag between sample collection and identification
and therefore assessment of the ecological quality, (ii) taxo-
nomical uncertainties and incomplete picture of the commu-
nity blurring the index quality, and (iii) high dependence on
taxonomic expertise which is currently decreasing in Europe
(Keck et al. 2017).

Concerning diatoms diagnosis, the involvement of numer-
ous operators, and the constant evolution of the taxonomy also
enhance the difficulty to get reliable chronicles. Oligochaetes
identification based on morphological features is also very
challenging and the morphological approach does not allow
to identify the totality of the specimens that are present in a
sample for three main reasons. First, an important number of
species (in Tubificinae, Lumbriculidae, and Enchytraeidae)
can be identified only when the specimens are in a mature
state. Secondly, the identification of most species in
Lumbriculidae and Enchytraeidae requires dissection, which
is too time-consuming to be performed in routine analyses.

Thirdly, many aquatic oligochaetes include cryptic species
undetectable morphologically.

For all these reasons, genomic tools are an interesting al-
ternative. The production of DNA-based biotic indices con-
sists of several steps presented in Fig. 3. SYNAQUA will
contribute to the validation of these steps for diatoms and
aquatic oligochaetes.

& Sampling and sample’s preservation using a conservative
that preserves DNA, allowing its extraction.

& DNA Extraction using in-house or kit protocols.
& PCR amplification on relevant barcodes using primers

specific for each bioindicator. Concerning oligochaetes,
a fragment of the mitochondrial COI gene is an effective
barcode for segregation between species (Vivien et al.
2017). For diatoms, a fragment of the chloroplast rbcL
gene was selected for its efficiency to discriminate among
species (Kermarrec et al. 2013).

& Sequencing: Sanger sequencing of specimens of morpho-
species is the standard approach in generating large-scale
reference libraries of DNA barcodes for bioindicator spe-
cies. HTS technologies allow to analyze the whole com-
munity in environmental samples. Moreover, a large num-
ber of environmental samples can be multiplexed and an-
alyzed at the same time in a single sequencing run.

& Species assignation: HTS sequences are clustered into
Operational Taxonomic Units (OTUs) according to their
sequence similarity. A taxonomic identity is then assigned
to these OTUs based on a reference library, producing a
taxonomic inventory of the sampled community. This step
relies on bioinformatic analyses where computing power
and software efficiency are here of the utmost importance
to achieve a pertinent assignation.

& Calculation of genetically based biotic indices: Finally, the
taxa inventory produced by the molecular identification of
species and relative abundance of sequences enable to
calculate an index value.

Studies on diatom barcoding have been conducted for
10 years in the partner teams, beginning with the PhD work of
Kermarrec et al. (2012). Previous results have obviously been
taken into account in the present project. First, metabarcoding
tests on a synthetic community allowed to select rbcL and 18S
genes as the most efficient to discriminate species among com-
munity samples (Kermarrec et al. 2013). An expert reference
library specific to diatoms (R-Syst::diatom, (Rimet et al. 2016)
has been developed for these genes. This open-access reference
library (http://www.rsyst.inra.fr/) is regularly updated and
includes only curated diatom barcodes. Short barcodes have
been adapted for rbcL (Vasselon et al. 2017) and for 18S V4
region (Apothéloz-Perret-Gentil et al. 2017). Different steps of
the molecular work have been explored such as the DNA
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extraction (Vasselon et al. 2017) or the accuracy of quantifica-
tion (Vasselon et al. 2018). The DNA metabarcoding approach
on diatoms, after preliminary studies on environmental samples
(Kermarrec et al. 2014; Visco et al. 2015), has been recently
applied to ecological studies in lakes (Rivera et al. 2018;
Rimet et al. 2018) and to river biomonitoring at the scale of
monitoring networks (Apothéloz-Perret-Gentil et al. 2017;
Vasselon et al. 2017). Based on the high potential of these novel
techniques (Keck et al. 2017), some studies suggest deeper
changes in biomonitoring approaches (Cordier et al. 2017;
Apothéloz-Perret-Gentil et al. 2017).

Two different genomic oligochaete indices are developed
as part of the Synaqua project: one based on the HTS analysis
of samples composed of genetically tagged specimens and
another based on the HTS analysis of samples composed of
total sediment. The development of these approaches has re-
quired to perform some preliminary studies. First, our COI
sequence database of aquatic oligochaetes collected in
Switzerland, initiated in 2012 (Vivien et al. 2015b), has been
complemented (Vivien et al. 2017). This database covers cur-
rently a high number of taxa, which allows the assignation of
the large majority of sequences obtained by HTS analysis.
Secondly, a method for preserving simultaneously the DNA
quality, the density, and the community composition has been
developed (Vivien et al. submitted). Thirdly, the COI univer-
sal primers (658 bp) used so far to develop the reference li-
brary could not be used for metabarcoding as they could not
be tagged for multiplexing samples in HTS and they were not
able to detect oligochaete species in environmental samples
(total sediment and sieved sediments). Specific primers to
metazoans, amplifying a fragment of about 300 pb, were se-
lected and tested on total and sieved sediment samples: these
primers allowed globally a better detection of oligochaete

species than the universal primers. In addition, the possibility
to use in parallel the 16S marker (ribosomal DNA) with spe-
cific primers to annelids, susceptible to enable a better detec-
tion of oligochaete species in environmental samples than the
COI marker, is currently studied.

The novel bioassessment method has many advantages that
contribute to make it a disruptive innovation. Compared to con-
ventional methods, genomic tools are fast, cheap (depending on
the chosen HTS protocol), and reliable. They enable standardi-
zation (no operator bias). Additionally, they offer a new perspec-
tive since the large biodiversity of bioindicators in some territory
could be assessed. The reliability of biomonitoring methods
could be radically enhanced by the choice of more relevant
BQE or the use of additional BQE by the same analysis.

Of course, genomic methods have their specific limits: The
need of valid and curated DNA barcode libraries is very sig-
nificant. Scientists have to reach an agreement about primers,
probes and more generally HTS protocol as rapid evolution of
HTS techniques and protocols could distort results and pre-
vent to achieve consistent time series. The long-term storage
of the huge quantity of generated data (protocol and structure)
has also to be taken into account.

Acceptance of the novel technology and potential new in-
dices based on new bioindicators is also very challenging and
is directly related to regulatory issues.

Project impacts

Deliverables

The deliverables consist in inventories and ecological diagno-
ses obtained with both genomic and taxonomic methods, their

Fig. 3 DNA-based method workflow
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comparison, and the cartography of the results. DNA libraries
and software that enables to calculate genomic indices will
also be produced at the end of the project. Workshops orga-
nized with pupils, professional stakeholders, and citizens are
part of the deliverables. They should produce scenarios of
implementation that could be transmitted to regulatory author-
ities and decision-makers.

SYNAQUA project is required to bring an added value to
economic development within the region and to demonstrate
how it will continue after expiration of public financial sup-
port. ID-GENE, in collaboration with Swiss partners, has
established a business plan that look forward (i) the validation
and the commercialization of the genomic methods to im-
prove the management of aquatic natural resources in the
Region and (ii) the promotion of a biotechnology competence
cluster in the Leman region. The Swiss Federal Office for
Environment (OFEV) has already involved ID-GENE/
UNIGE in the national monitoring campaign during the sum-
mer 2018.

The project evaluation will focus on economic results and
viability in Switzerland while the benefits of the novel
methods to bioassessment and restoration project will be ap-
preciated in France.

Finally, publications in peer-reviewed journals and com-
munications of the results in symposiums should allow to
circulate information and results concerning the genomic bio-
monitoring methods.

Scientific communications have already occurred such as
the DNAqua-Net kick-off conference in March 2017, the 10th
symposium for European freshwater sciences in July 2017,
Olomouc (CZ) and, more recently, the environmental DNA
seminar organized by the French Agency for Biodiversity
(AFB). All these events are listed on the website of the project
(https://www6.inra.fr/synaqua/Communication-Presse) and
some of the presentation media are downloadable.

DNAqua-Net program website also offers related publica-
tions (http://dnaqua.net/publications/).

Expected impacts

In addition to scientific progress, SYNAQUA project should
be a very efficient conveyor of information. Scientists will
have the opportunity to make stakeholders aware of the rele-
vancy and the potential of genomic tools for water/sediment
quality assessment.

As a result of the project, the genomic bioassessment
methods could enter an operational stage. Thus, Lake
Geneva area could be, one more time, a famous innovative
territory in the environment preservation and restoration fields
as well as in participative actions.

Finally, French-Swiss collaboration should be the first step
towards a European standardization of genomic methods

which is so important according to the quantity of data that
will be produced during large monitoring campaigns.

Conclusion

SYNAQUA is a very challenging project which should
achieve its scientific, technical, and economic objectives in
May 2019.

Genomic tool development is currently being taken up at
the European level. In particular, the DNAqua-Net Project
(Developing new genomic tools for bioassessment and mon-
itoring of aquatic ecosystems in Europe, http://dnaqua.net/) is
a European Cooperation in Science & Technology action (EU
COST). Its final objective is to create an international
interdisciplinary network of scientists, managers,
governmental institutions, manufacturers, and emerging
service providers to identify major challenges in DNA-based
bioassessment and provide standardized best-practice solu-
tions for biomonitoring European waterbodies (Leese et al.
2016). Many DNAqua-Net objectives are highly consistent
with SYNAQUA’s: (1) Completion of DNA reference librar-
ies for aquatic bioindicator species at European level, (2)
Initiation of pilot projects developing genomic tools in parallel
to conventional assessment, (3) Harmonization of knowledge,
definition of best-practices, and dissemination towards profes-
sional stakeholders and citizens, and (4) Fostering the imple-
mentation of DNA-based method for biomonitoring at EU
level.

The DNAqua-Net network is gaining expertise on best-
practices for DNA-based tools that should produce guidance
to be submitted to the European Committee for standardiza-
tion (CEN). The goal is to produce common standardized
protocols for DNA-based methods for all CEN members
(e.g., AFNOR for France and Schweizerische Normen-
Vereinigung for Switzerland) to be used at national levels for
bioassessment in Europe. Furthermore, CEN standards could
be translated as ISO standards if there is no previous ISO
guidance.

Funding information The SYNAQUA project is supported by the
European Cross-Border Cooperation Program (Interreg France-
Switzerland 2014-2020) and has thus received a European (European
Regional Development Fund) and a Swiss Federal grant covering respec-
tively 60% of the French total cost and 29% of the Swiss total cost.
Funding was also provided by Swiss cantons (Valais, Geneva, Vaud).
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