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Abstract

Despite being the most important source of liquid freshwater on the planet, ground-
water is severely threatened by climate change, agriculture, or industrial mining. It
is thus extensively monitored for pollutants and declines in quantity. The organisms
living in groundwater, however, are rarely the target of surveillance programmes and
little is known about the fauna inhabiting underground habitats. The difficulties ac-
cessing groundwater, the lack of expertise, and the apparent scarcity of these or-
ganisms challenge sampling and prohibit adequate knowledge on groundwater fauna.
Environmental DNA (eDNA) metabarcoding provides an approach to overcome these
limitations but is largely unexplored. Here, we sampled water in 20 communal spring
catchment boxes used for drinking water provisioning in Switzerland, with a high level
of replication at both filtration and amplification steps. We sequenced a portion of
the COI mitochondrial gene, which resulted in 4917 ASVs, yet only 3% of the reads
could be assigned to a species, genus, or family with more than 90% identity. Careful
evaluation of the unassigned reads corroborated that these sequences were true COI
sequences belonging mostly to diverse eukaryotic groups, not present in the refer-
ence databases. Principal component analyses showed a strong correlation of the
community composition with the surface land-use (agriculture vs. forest) and geol-
ogy (fissured rock vs. unconsolidated sediment). While incomplete reference data-
bases limit the assignment of taxa in groundwater eDNA metabarcoding, we showed
that taxonomy-free approaches can reveal large hidden diversity and couple it with
major land-use drivers, revealing their imprint on chemical and biological properties

of groundwater.
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1 | INTRODUCTION

Groundwater is the largest freshwater reservoir on earth (96%, ex-
cluding glaciers and ice caps), providing drinking water for half of the
world's population (Smith et al., 2016). It also plays a major role in
maintaining riparian and wetland environments during dry periods or
in the context of climate change (Somers et al., 2019). Groundwater
provides invaluable services but is also facing many threats, including
depletion from overuse and pollution from industry and agriculture
(Burri et al., 2019). Consequently, groundwater quantity and quality
are extensively monitored. Many national and international man-
agement plans, and their respective monitoring, aim to control its
consumption for a sustainable use, and to limit pollutants reaching
the aquifers (e.g. the Groundwater Directive (2006/118/EC) from
EU's Water Framework Directive, or the Sustainable Groundwater
Management Act in California). Among all these regulations, how-
ever, none is considering groundwater as a habitat for subterranean
organisms. Even if the general recommendations for biodiversity
protection can be applied to any type of environment (Sutherland
et al., 2018), no specific policies have been directed towards the
study and preservation of underground organisms.

Groundwater organisms provide useful ecosystem services for
the quality of ground and surface waters (Mammola et al., 2019). For
example, micro-organisms can transform and degrade contaminants,
and invertebrates can maintain hydraulic conductivity through their
feeding on biofilms and bioturbation (Boulton et al., 2008; Griebler
& Avramov, 2015). The latter (and particularly amphipods) are com-
monly used as bioindicators in monitoring surface or groundwater
ecosystems (e.g. Koch et al., 2021). Studying these organisms, how-
ever, is a major challenge, because most subterranean voids are not
or very poorly accessible to humans, and much of the groundwater
fauna is insufficiently known from a taxonomic perspective. Even
though the number of underground species described is ever in-
creasing since the last century (see example of karst cave species
records in Ficetola et al., 2019; Zagmajster et al., 2018), species rich-
ness and community composition are substantially underestimated.
Moreover, our knowledge of described species' distribution is very
partial (Deharveng et al., 2009). There is thus a dire need for a more
extensive exploration of groundwater habitats.

Environmental DNA (eDNA) is being more and more frequently
used for the study and monitoring of surface aquatic environ-
ments (Deiner et al., 2017; Keck et al., 2022; Taberlet et al., 2012).
Sampling eDNA is minimally destructive and offers the possibil-
ity to study rare and/or elusive species (e.g. Machler et al., 2014;
Pfleger et al., 2016; Tang et al., 2019). Applying a metabarcoding
approach on eDNA samples allows the identification of a high num-
ber of taxa without the need for taxonomical expertise, a skill that
can be particularly scarce for underground organisms. Moreover,
this technique can target a broad set of taxa with only one sample.
For all these reasons, eDNA can be a valuable tool in the monitoring
of groundwater species.

A handful of studies have started to collect water and soil sam-
ples in subterranean environments for the use of eDNA-based

approaches (Sacco et al., 2022 and references therein). However,
the focus has been largely on the detection of particular individ-
ual taxa using species-specific techniques. For example, Niemiller
et al. (2018) detected species from the amphipod genus Stygobromus
in cave lakes, using gPCR. Further studies explored the use of eDNA
metabarcoding to evaluate groundwater biodiversity in aquifers,
either targeting solely prokaryotes (e.g. Korbel et al., 2022; Morse
et al., 2021; Voisin et al., 2020), or also including micro-eukaryotic
communities (e.g. Herrmann et al., 2020). Only a few studies, how-
ever, focused on macro-eukaryotes (Korbel et al., 2017; Oberprieler
et al, 2021; West et al.,, 2020), with contrasting results. West
et al. (2020) were able to identify 60 different orders of metazoans
with eDNA from Australian caves, and Oberprieler et al. (2021) de-
tected signals of underground taxa in bore holes for which no actual
organisms were observed. Yet, some key organisms, such as amphi-
pods or syncarids that were observed with net samples, were not
retrieved with eDNA in Korbel et al. (2017). Moreover, all three of
these studies pinpoint the low taxonomic resolution of metabarcod-
ing assignments due to a lack of references in public databases.

Overall, there is a need for a thorough evaluation of the possibil-
ities and limitations of eDNA metabarcoding methods in the context
of studying underground organisms. Since biodiversity assessments
are generally not available for groundwater habitats, a direct com-
parison between eDNA metabarcoding and traditional sampling -
the standard calibration for eDNA data in other environments (Keck
etal., 2022) - is not possible. Furthermore, groundwater biodiversity
being generally understudied, large gaps in the reference databases
may hinder the understanding of such samples.

Here, we developed an extensive protocol based on eDNA
metabarcoding to study the metazoan diversity living in aquifers.
Groundwater samples were collected in 20 spring catchment boxes
(SCBs; i.e. passive water collectors from a shallow aquifer using
underground drainage pipes; see Figure 1b,c), with the participa-
tion of drinking water providers in North-Eastern Switzerland. We
used a high number of replicates and large volume of water filtered
(compared to aboveground freshwater standards) to account for
the potentially low density of metazoan organisms in groundwater.
Following DNA extraction, we amplified a portion of the COIl mito-
chondrial gene and evaluated our ability to retrieve diverse types
of metazoans as well as the suitability of our sampling design. Since
taxonomic assignments are difficult for underground taxa due to
the lack of references, we carefully checked the unassigned por-
tion of our data set to make sure that it could be used for diversity

assessments.

2 | MATERIALS AND METHODS
2.1 | Sampling
We collected the samples in the catchment basin of the river

Toss in North-Eastern Switzerland (Figure 1a). The 20 sampled
sites are located in the Swiss Molasse Basin, containing a mix of
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FIGURE 1 (a)Map of the Toss
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unconsolidated and fissured aquifers. Groundwater is the primary
source of drinking water in this area, and we gathered the water
samples in SCBs (Figure 1b,c) in collaboration with water providers.
The sampled aquifers are rather shallow, and the collection pipes
are emerging between 1 and 5m below ground. All water samples
were passively collected (i.e. from the natural flow of water coming
out of the aquifer) and no pumping stations were included. Each
location was categorized depending on the type of aquifer from
which the water was collected (derived from swisstopo's groundwa-
ter bodies geodata, https://map.geo.admin.ch) and with respect to
the land-use surrounding the SCB (Table S1). Each site was classified
as either forested area or agricultural area (incl. cultivated cropping
fields, pastures, and a golf course) based on a visual inspection at
the time of sampling. All sites located at a forest edge were put in
the forest category.

We conducted the sampling between April and June 2021. At
each site, we sampled 40L of water in canisters that were brought
back to the laboratory in cooling boxes within 2 h for subsequent fil-
tration. The water was collected directly from the outflow pipe of the
SCB to make sure that the samples were representative of the aqui-
fer itself. We used enclosed Sterivex™ filter units (Merck Millipore)
to filter 4x 10L per site. The filter units are made of polyethersul-
fone, with a pore size of 0.22um and a filtration area of 10cm?. We
used a peristaltic pump (Alexis®; Proactive Environmental Products)
with a flow rate of approximately 6.7 mL/s. All filter units were then
stored at -20°C until DNA extraction. We wore gloves at all sampling
steps, including material preparation, to reduce contamination. We
cleaned and reused the canisters and tubing for the pump between
sites by soaking them into a bleach solution (2L of commercial <2%
hypochlorite solution diluted with 3L of molecular grade water) for
at least 30min and then rinsed three times with Nanopure™ water.
We performed three filter controls by collecting Nanopure™ water
in the canisters following the decontamination protocol detailed
above. Ten litres of this water was filtered for each control following
the same protocol as the other samples.

710,000 A

2.2 | DNA extraction and library construction

We performed DNA extractions and the first PCR step in a clean
lab with constant air overpressure and no presence of PCR prod-
ucts to reduce the risk of DNA contamination. Cleanliness pro-
tocols and safety procedures follow previously established uses
(Brantschen et al., 2021; Deiner et al., 2015; Pawlowski et al., 2020).
We extracted DNA using the DNeasy® PowerWater® Sterivex™
Kit (Qiagen®) following the manufacturer's protocol, except for the
bead-beating steps (steps 12 and 13) that were omitted. We pre-
heated the elution buffer at 70°C, and passed it through the column
twice in order to increase DNA yield. We produced three extraction
controls by adding 0.9 mL ST1 buffer to clean Sterivex™ filter units,
and by processing them following the same protocol as the other
samples. All samples were quantified using a Nanodrop™ spectro-
photometer (Thermo Fisher Scientific Inc.), yet the amount of DNA
was below the threshold of detection of the device for many of them
(16 samples). We thus diluted all samples at 1/10th of their original
concentration (ranging from <2 to 30ng/uL, with a mean concentra-
tion of 7.8ng/pL), considering that they were all in the same order
of magnitude.

Based on previous knowledge (Studer, 2022), amphipod species
from the genus Niphargus occur at a high abundance and diversity in
groundwater at our sampling sites. However, DNA fragments from
these species are generally not well-amplified by primers tradition-
ally used in metabarcoding (e.g. Brantschen et al., 2022; Elbrecht
& Leese, 2017; Leray et al., 2013). Thus, we modified the primers
developed by Vamos et al. (2017), amplifying a short fragment of
the COI gene (205bp), as follows: fwhF2_Niph 5-GGRTGAACAGT
WTAYCCTCC-3' and fwhR2n_Niph 5-GTRATWGCTCCWGCTAR
MACTGG-3'. The range of amplification of these primers was tested
by an in silico PCR on GenBank's nt database, using the ecoPCR
command from the ositoots-v1.2.11 package (Boyer et al., 2016;
Figure S1). We also evaluated their ability to amplify Niphargus sp.
DNA onindividual DNA samples from 48 different Niphargus species.
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The library preparation was conducted in a 2-step PCR approach.
DNA from each filter was amplified in five separate PCR replicates,
where each fragment was given a unique 8-bp tag combination at
both ends, in order to distinguish between them (see Table S2 for
details). Each tagged replicate was composed of a pool of three in-
dividual PCRs performed in a total volume of 10puL. We started with
a PCR mix of a volume of 30pL, consisting of 15uL of KAPA® HiFi
HotStart ReadyMix, 2L of each forward and reverse primer (10pM
original concentration), 3uL of extracted DNA, and 8 uL of molecular
grade water. We split the total volume of 30pL reaction mix into 3
individual plates (10pL each) and distributed them in 3 independent
Thermocyclers (Biometra T1Thermocycler, AnalytikJena GmbH). PCR
cycling started by a denaturation step at 95°C for 5min, followed by
35cycles of 98°C for 30s, 48°C for 30s and 72°C for 1 min. The final
extension step lasted 10min at 72°C. We then pooled the three 10puL
PCR products back together. This step included two PCR controls.
We checked the amplification success with a QiAxcel® Screening
Cartridge (Qiagen®) and then pooled all five PCR replicates from a
sample together according to the intensity of the QiAxcel® band. To
reduce the amount of unused primers in the solution, we performed a
bead cleaning step using KAPA® pure beads (KAPA Biosystems) with
a 0.8 ratio and following the manufacturer's protocol.

A second PCR step was performed to bind the Nextera® index
adapters (Set A) to the fragments. Each 30uL indexing reaction
consisted of 15uL of KAPA® HiFi HotStart ReadyMix, 3L of each
forward and reverse Nextera® primers, 6L of molecular grade
water, and 3L of cleaned up PCR product from the first PCR step.
Analogous to the first step, we split the reaction mix into three in-
dependent plates and pooled them back thereafter. PCR cycling
started by a denaturation step at 95°C for 5min, followed by 12cy-
cles of 98°C for 30s, 55°C for 30s and 72°C for 1 min. The final ex-
tension step lasted 10min at 72°C. We then cleaned the indexed
amplicons using KAPA® pure beads with a 0.8 ratio and following
the manufacturer's protocol.

All samples were pooled, including all controls, at equimolar con-
centration based on DNA quantification by a selective fluorescence
dye Qubit™ BR DNA Assay Kit (Invitrogen™, Thermo Fisher scien-
tific), read on a Spark® Multimode Microplate Reader (Tecan). We
cleaned the library pool a last time by using Agencourt® AMPure®
XP beads (Beckman Coulter™) with a 0.8 ratio, following the manu-
facturer's protocol.

The quality of the library was assessed on an Agilent 4200
TapeStation System (Agilent Technologies, Inc.), and quantified its
concentration using the Qubit™ (1.0) fluorometer following the man-
ufacturer's protocol for the dsDNA HS Assay. Finally, we performed
a paired-end sequencing on an lllumina MiSeq platform (lllumina,
Inc.) at the Genomic Diversity Center, ETH Zurich, Switzerland,
using a Reagent kit v2 (250 cycles) with 10% PhiX control.

2.3 | Sequencing reads processing

The sequencing device performed the first step, aiming at de-
multiplexing the samples based on index combination. Then, we

assigned reads to each of the five PCR replicates according to their
tag combination, and removed primers and tags using cUTADAPT v-2.8
(Martin, 2011). We produced a set of amplicon sequence variants
(ASVs) using DabA2 v-1.13.1 (Callahan et al., 2016). To assess ‘index-
jump’ (Taberlet et al., 2018), we added eight unused index combi-
nations to the MiSeq sequencing sample sheet in order to get the
corresponding fastq files. For each ASV, we divided the number
of reads assigned to one of these internal control index combina-
tions by the total number of reads in the complete data set for this
same ASV. We then recorded the maximal proportion occurring
in an index control and discarded from a sample any ASV that did
not account for more than this maximal proportion in this sample.
Furthermore, we retained only ASVs found in at least two out of
the 20 replicates per site (four filter replicates x five PCR replicates).
All reads present in the negative controls (sampling, extraction and
PCR) were processed following the same protocol and none of them
contained any reads after correction. All parameters used for each
tool and the detailed pipeline for reads processing, taxonomic as-
signment, and downstream analyses can be found online (https://
github.com/joarwrie/NiphToess).

We evaluated the efficiency of our sampling strategy by produc-
ing ASV accumulation curves using the specaccum function from vec-
AN-2.5.7 R package (Oksanen et al., 2018).

We also checked the adequacy of our sequencing strategy
through the creation of rarefaction curves for each site using the

rarecurve function from veEGaN-2.5.7.

2.4 | Taxonomic assignment

We performed a first taxonomic assignment by aligning all ASVs
against GenBank nt database (Benson et al., 2013) using the BLAST®
command line tool (Altschul et al., 1990) with the default value of
500 hits per query. We considered only alignments with at least
99% of query cover to make sure that even references missing one
or two bases at the extremities would be considered. Only align-
ments displaying a minimum identity of 80% were considered as
this value is commonly used as a loose threshold in metabarcod-
ing studies targeting metazoans (e.g. Macher et al., 2018; Mugnai
et al., 2023). For each ASV, we identified the alignment with the
maximum identity percentage. Then, we assigned this ASV to the
lowest common ancestor of all matching references with an iden-
tity greater than the maximum identity percentage minus one. For
example, if the maximum identity between an ASV and a refer-
ence is 99%, all references with more than 98% identity with this
ASV will be used for the assignment. We chose to include this 1%
identity span to reduce the number of false assignments due to
the presence of erroneous sequences in the database. Since it is
very unlikely that two haplotypes of a same species diverge more
than 10%, we changed all assignments to the species level but with
an identity lower than 90% for an assignment to the genus level.
Although this threshold is relatively relaxed for species assignment,
we believe it is the most appropriate in this particular situation be-
cause groundwater organisms are known to harbour many cryptic
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species (Lefébure et al., 2006), and because we expect a lack of
references from local populations. If an ASV was assigned to refer-
ences belonging to more than one kingdom, we classified this ASV
as ‘unassigned’. We checked manually all ASVs assigned to a higher
taxonomic level than the species despite having a match in the
reference database at a 100% identity for synonymy issues or po-
tential erroneous sequences in the database, and the assignments
were modified if necessary. All aquatic metazoan species were then
classified according to their affinity to groundwater following the
nomenclature of Gibert et al. (1994), using three categories: stygo-
bites, stygophiles, and stygoxenes.

For all ASVs classified as ‘unassigned’ or assigned to a higher
taxonomic level than the family, we performed a second taxo-
nomic assignment using the Dark mAtteR iNvestigator (DARN) tool
(Zafeiropoulos et al., 2021). This pipeline is based on a phylogenetic
placement algorithm and returns different placement possibilities
for each ASV with their likelihood. Our objective was only to iden-
tify what type of organisms could be associated with our unknown
sequences so we considered only high taxonomic level assignments
(kingdom and phylum). We associated each ASV with the taxon with
the maximum likelihood weight ratio (LWR), and we only kept this
assignment if the LWR was >0.5. If no placement had a LWR >0.5 for
a target ASV, we classified it as ‘unassigned’.

2.5 | Diversity analyses

We performed all subsequent analyses on the ASV data set, re-
gardless of their assignment status. First, we transformed the
data set including all 400 replicates (20 sitesx4 filtersx5 PCRs)
via the ‘Hellinger’ method (square root of the relative number of
reads for each ASV per replicate), as suggested by Legendre and
Gallagher (2001), and using the decostand function in vecan-2.5.7.
This transformation accounts for the differences in sequencing
cover between the replicates and decreases the weight given to
highly abundant ASVs. We visualized a heatmap using cgpLoT2-3.3.6
(Wickham, 2016) on Euclidean distance between pairs of replicates
to evaluate the replicability of our approach within sites.

We investigated p-diversity between sites on the ASV data set
after pooling all replicates from each site. We again transformed
data using the ‘Hellinger’ method. Then, we visualized the sites
through a principal component analysis (PCA) using the rda function
in VEcaN-2.5.7, as suggested by Borcard et al. (2018). We performed
a PERMANOVA (using Euclidean distance) to evaluate the effect of
the type of aquifer and land-use on the diversity at each site using
the adonis2 function in vecan-2.5.7. As our design is unbalanced (no
combination of unconsolidated aquifer and agriculture sites), we
used the option to calculate sums of squares sequentially, and we
tested alternatively both factors as second term. Because of the
3months elapsed between the beginning and end of our sampling,
we included the month of sampling as a first variable to account for

its possible effect on the results.

3 | RESULTS
3.1 | Sequencing results

The MiSeq run yielded 13,584,846 reads with a mean of 139,678
(SD=104,236) reads per indexed replicate (i.e. at the level of filter
unit). The high variation between replicates is congruent with the
quality of the PCR amplification, with the one exhibiting the low-
est number of reads being the one for which the PCR amplification
was poor (no or very faded band on the QlAxcel® electrophoresis).
DADAZ2 processing resulted in 10,799 ASVs, with 4917 (5,657,618
reads) remaining after correction for index-jump and removing se-
quences present in only one replicate per site. After this step, sam-
ples (sites) exhibited a mean number of 282,881 reads (SD=165,051),
and 574 ASVs (SD=469; Table S3). No reads remained in any of the
PCR replicates from the filter number two of the site BraN after
above correction steps. All rarefaction curves reached a plateau,
indicating that the number of reads for each site were sufficient to
retrieve all ASVs present in the samples, even for the samples with
the lowest number of reads (Figure 2a).

We evaluated the adequacy of our protocol to represent the ge-
netic diversity at each site by producing ASV accumulation curves
(Figure 2b). Accumulation curves at all sites reached a plateau after
15 replicates, whatever the number of ASVs they contained. When
looking separately at the effect of filter replicates (all PCR replicates
pooled; Figure 2c) and of PCR replicates for each filter (Figure 2d),
our results show that four filters were enough to reach a plateau at
most sites, except the ones with the highest diversity. For the PCRs,
however, the curves are mostly still increasing after five replicates,
indicating that our protocol was not completely able to capture the

whole diversity present in each filter.

3.2 | Taxonomic assighment

When comparing the sequences against GenBank's nt database,
only a small proportion of ASVs (752; 15%), and reads (1,110,324
20%) were assigned to any taxonomic level with more than 80%
identity (Figure 3). When being more stringent and only consider-
ing taxonomic assignments with more than 90% identity, an even
smaller proportion of ASVs (190; 4%) and reads (178,390; 3%) were
identified. Half of the assignments were related to a Protozoan
taxon (50%, 465,029 reads, 157 ASVs). The rest was either as-
signed to Chromista (37%; 343,139 reads, 192 ASVs), Metazoa (7%,
69,517 reads, 142 ASVs), or Fungi (5%, 49,198 reads, 108 ASVs;
Figure 4, Table S4). Only 13 ASVs (5116 reads) were assigned to a
plant taxon and one ASV (32 reads) to a bacterium taxon. Across
these six kingdoms, 62 species were identified (89 ASVs, 21,384
reads), 32 of them being metazoans (Table 1). Despite the loose
threshold that we chose for species assignments (90%), only five
out of the 32 metazoan species exhibit an identity lower than

97% with their assigned reference. For these ASVs, we need to be
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FIGURE 2 (a)Rarefaction curves
showing the number of ASVs for an
accumulating number of reads randomly

(b)
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picked from the pool available for each
site. (b, c) ASV accumulation curves for
each site of the study where the number
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careful with our interpretation and keep in mind that they may be
erroneous assignments. Out of the 32 metazoan species poten-
tially identified, most of them (19) are arthropods (Table 1). In total,
six different phyla are represented, namely, Annelida, Arthropoda,
Chordata, Mollusca, Nematoda, and Rotifera. Most of the species
are stygoxenes or non-aquatic organisms that have no affinity to
the groundwater. Only three are stygophiles (species that can live
in the groundwater) and five are stygobites (obligatory groundwa-
ter organisms).

All reads unassigned with the BLast approach, or assigned to
a high taxonomic level (order and higher), were processed using a
phylogenetic placement method. Most of them could be assigned
to a eukaryotic kingdom (75%), and only a small proportion of the

2 3 4
# PCR replicates

unassigned reads were associated with Bacteria (3%) or Archaea
(0.01%). The remaining 22% still could not be assigned to any of
these groups (Figure 4). Within eukaryotes, 27% of the reads corre-
sponded to Chromista whereas 9% could be attributed to Metazoa
and 6% to Protozoa (Figure 4).

3.3 | Diversity analyses

The Euclidean distance between Hellinger-transformed ASV (EHt-
ASVs) distributions for each PCR replicate indicates that replicates
from the same site are generally more similar to each other than to
replicates of different sites (Figure 5). The only exception are the

85U8017 SUOWILIOD BAITERID) 8|qedldde ayy Aq peusenob ke sejoie VO @SN JO S3|NJ 10} Akeiq1T8uluO A8]1/M UO (SUORIPUCD-PUe-SLUBI0D A8 | 1M ATelq 1jaU1|UO//SANY) SUORIPUOD Pue SWis | 8u 88S *[£202/90/82] Uo ARiqiTaulluo A8|IM ‘IS IMIsU| B1BYIS [Med AQ GS69T 98W/TTTT OT/I0pAU0D" A8 im AreIq iUl |UO//SANY WO.j pepeojumod ‘€T ‘€202 ‘Xy6259ET



COUTON ET AL.

three sites for which the PCR amplification did not work satisfacto-
rily, that is, Sen, Ror1 and ReilL.

A principal component analysis based on the EHt-ASVs between
sites (all replicates pooled) revealed that sites belonging to the same
land-use and geology tend to be more similar (Figure 6), except for
Stel, the only site located close to a golf course. The difference be-
tween forest and agriculture seems to be the main factor explaining
the observed pattern (separation on the first principal component)
followed by the aquifer type (separation on the second principal
component). The PERMANOVA confirmed the significant impact of
land-use with still almost 9% of variance explained after consider-
ing the proportion potentially attributed to the aquifer type and the
month of sampling (Table 2). The impact of the aquifer type, how-
ever, was only significant when included second in the model. Yet,
given the clear pattern on the PCA, we can still infer that the aquifer

type has an effect on the biodiversity patterns observed. The lack

4000
g 3000 Unassigned
2 Kingdom
y Phylum
g Class
@ 2000 Order
-g Family
5 Genus
4 Species
1000
=]
s
é\@b & N I’ X S & il
o & N ° & S & o
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FIGURE 3 Number of ASVs (y-axis) and total number of reads
(labels on top of each bar) assigned to the different taxonomic
levels. The number of ASVs (or reads) is cumulative, since all ASVs
assigned to the species level also have an assignment for higher
taxonomic ranks.
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of significance when this term is included last could be explained by
a lack of power in our analysis or by a masking effect of land-use.
Despite the 3months span between the first and last sampling date,
time of sampling did not have a significant effect. After considering
all factors, the variance remaining unexplained is still high (73%).

4 | DISCUSSION

ASV distributions obtained from groundwater eDNA samples from
20 sites in North Eastern Switzerland revealed different organismal
communities according to the land-use type surrounding the SCB
or according to the type of aquifer sampled. Groundwater com-
munities in agricultural versus forested areas were significantly
different (Figure 6, Table 2), and further differentiated between
unconsolidated and fissured aquifers. Signals of land-use and ge-
ology on the chemical and physical properties of groundwater are
well-established (e.g. Lerner & Harris, 2009 and references therein),
but very few studies assessed their impacts on macro-organisms
(e.g. Korbel et al., 2022 for microbial communities). Here we dem-
onstrate, using eDNA, a clear imprint of land-use and geology on
macro- and micro-organismal diversity and community structure
in groundwater in a well-defined area. These results are consistent
with the findings of Korbel et al. (2013), who showed variations in
both microbial functional diversity and stygofaunal assemblages ac-
cording to different agricultural practices in Australia. Since water
quality is strongly dependent on ecosystem functions provided by
stygobionts, which could in turn be impacted by surface land-use,
our study highlights the relevancy of considering biological param-
eters, alongside chemical and physical parameters, when evaluating
the state and change of groundwater systems.

We identified groundwater organisms from different taxonomic
groups, including emblematic species such as groundwater amphi-
pods of the genus Niphargus. However, 85% of reads could not be
assigned to any taxa, even with a loose identity threshold of 80%.

FIGURE 4 Distribution of read

Blast assignment

Phylog. placement

assignments at the kingdom level and for 100 8517
the different metazoan phyla observed,
with our two assignment protocols:
BLasT-based assignment on the left and
phylogenetic placement of the unassigned
portion of the Blast results on the right.
The number on top of each bar represents
the total number of reads for each
category.
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(Continued)

TABLE 1

%

#ASVs #Reads Reads

#Sites

% ldent

GW affinity

Assignment

Order Family

Class

Phylum

0.005

282

Alloionema Non-aquatic 975

Alloionematidae

Rhabditida

Chromadorea

Nematoda

appendiculatum

0.002

132

1

100.0

Stygoxene

Rotaria rotatoria

None

Eurotatoria None

Rotifera

0.002

139

91.8

Philodinidae Macrotrachela Stygoxene

Philodinida

Eurotatoria

Rotifera

quadricornifera

0.001

29

99.5

Stygoxene

Philodina flaviceps

Philodinidae

Philodinida

Eurotatoria

Rotifera

Note: The detailed taxonomy of each species is specified as well as their affinity for groundwater according to Gibert et al. (1994). Stygobites are specialized subterranean organisms, obligatory hypogean,
stygophiles are organisms that can spend part of their life in subterranean environments, and stygoxenes are organisms with no affinity for groundwater. For each assignment, the identity between the

sequence and the reference is given as well as the number of ASVs and reads attributed to the species, the number of sites where these ASVs were found, and the proportion of reads within the whole data

set.
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Thus, the observed patterns of diversity connected to land-use
were largely driven by a large fraction of undescribed organismal
diversity (or at least unrecorded in the databases). Gaps in reference
databases are a general limitation for metabarcoding studies (Li
et al., 2022; Weigand et al., 2019), and are especially pronounced in
under-studied ecosystems such as groundwater or soil.

4.1 | Validation of our protocol

To validate the observed diversity patterns, we needed to ensure
that our eDNA metabarcoding protocol is adequate for ground-
water biodiversity assessments and not composed of technical
artefacts. From the first uses of eDNA-based methods in sur-
face waters, studies focused on comparing their results with tra-
ditional sampling approaches (Keck et al., 2022 and references
therein). For subterranean environments, however, such a valida-
tion is more difficult as very few of them have already been in-
vestigated by a traditional approach (Mammola et al., 2019). It is
thus imperative to get enough replication for an internal evalua-
tion of the method. Previous studies using eDNA in subterranean
habitats applied protocols derived from what is done for surface
environments, with a volume of water filtered around 1-2L per
replicate, and either none or a low number of technical replicates
(e.g. Korbel et al., 2017; Niemiller et al., 2018; West et al., 2020).
From their results, however, it seems that these sampling ef-
forts are insufficient when targeting subterranean taxa. As the
amount of organisms living in groundwater is thought to be low
(especially for multicellular eukaryotes; Deharveng et al., 2009),
and because the water collected in SCB contains a low amount
of sediments and other particulates to which DNA can bind itself
(Kumar et al., 2022), we maximized the volume of water filtered
(4x10L) and the number of replicates at the amplification step
(4 filtersx5 PCRs). The number of ASVs retrieved when pooling
all replicates reached a plateau for all sampled sites, sometimes
even before attaining 15 replicates (Figure 2b), demonstrating that
our protocol was sufficient to retrieve a representative view of
the amplified biodiversity. However, when looking into detail at
the effect of the different type of replicates we can see that the
number of PCR replicates falls slightly short to cover the whole
richness present in each filter (Figure 2d), although the number of
filters used was sufficient (Figure 2c). This result, combined with
the fact that PCR replicates are more similar to each other than are
filter replicates (Figure 5), suggest that the ASVs divergently am-
plified in the different PCR replicates are in low abundance. This
could be explained by the persistence of PCR errors in our data set
despite our correction step or by the presence of numerous rare
species in our samples. The latter is congruent with the numer-
ous low-abundance metazoan ASVs assigned to the species level
(Table 1). To increase cost-efficiency, we thus advise to choose
the number of replicates depending on the question at hand, fa-
vouring a high number of filter replicates when interested in broad
diversity patterns, and increasing the number of PCR replicates
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FIGURE 5 Heatmap of the Euclidean distance between the 400 replicates of our study, calculated on the ASV distribution after Hellinger
transformation. All 20 replicates of a same site are side by side. The label colours indicate surrounding land-use at the sampling site, which
was forest (orange) or agriculture (purple). The two types of aquifers are indicated (fissured or unconsolidated). See Figure 1 for site codes.

when focusing on species detection, especially metazoan species.
Whatever the choice, we still suggest to keep at least three tagged
PCR replicates, as they are particularly useful to remove potential
PCR errors.

When considering sequencing coverage, one MiSeq run was suf-
ficient to sequence the vast majority of DNA signals present in our
library (Figure 2a). The high coverage variability between sites (min:
54,808 reads; max: 650,792 reads) reflects the amplification suc-
cess, with the samples with the lowest number of reads being the
ones for which no PCR product could be observed on gel pictures.

This is probably representative of the scarcity of organisms in these
sites, with a lower amount of DNA available and a lower diversity
(Table S3). We believe that this is the most likely hypothesis (as op-
posed to a lack of amplification due to a technical artefact) because
all replicates from a same site did consistently fail or poorly amplify,
and because previous unpublished observations were not able to
collect macroinvertebrates at those sites.

While all rarefaction curves reached a plateau rather quickly
(Figure 2a), all identified metazoan species are associated with
a very low number of reads (Table 1). This issue, stemming from
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FIGURE 6 Principal component analysis (PCA) of the 20 studied
sites based on ASV distribution data after Hellinger transformation.
The colours indicate the type of land-use surrounding the sampling
site: orange for forest and purple for agriculture. Filled circles

and open triangles indicate that the water comes from fissured or
unconsolidated aquifers, respectively. The ten ASVs contributing
the most to the different axes are displayed with grey arrows. See
Figure 1 for site codes.

TABLE 2 Results of the PERMANOVA performed on the
Euclidean distance between sites calculated from the ASV
distribution table (all replicates pooled per site) transformed
through the ‘Hellinger’ method.

Degrees of  Sum of

freedom squares F R? p-Value
a
Month 2 1.377 1.063 104 .253
Aquifer 1 0.990 1.528 .075 .012
Land-use 1 1.168 1.804 .088 .002
Residuals 15 9.715 - .733 -
b
Month 2 1.377 1.063 .104 .252
Land-use 1 1.463 2.258 .110 <.001
Aquifer 1 0.696 1.074  .053 .263
Residuals 15 9.715 = .733 =

Note: These were obtained after 9999 permutations. All terms were
added sequentially and the results of either the impact of land-use
after considering month and aquifer (a) or the impact of aquifer after
considering month and land-use (b) are indicated.

the low concentration of metazoan DNA in water (as compared
to micro-organisms), should be addressed at the amplification
step, by using primers specifically targeting metazoan taxa. Our
attempt to address this issue by using existing primers designed
to target freshwater macroinvertebrates (Vamos et al., 2017) was

not fully successful, even after modifying them to ensure the
amplification of groundwater amphipod species from the genus
Niphargus. The original primers are known to exhibit a low am-
plification of prokaryotic groups and to have a strong affinity for
metazoans, but they can also amplify non-target taxa, especially
from other kingdoms such as Chromista, Fungi or Protozoa (e.g.
Hupato et al., 2022). As the modifications consisted of the addition
of wobble bases, it was expected that our primers would amplify a
higher number of taxa than the original version. The results from
an in silico PCR, however, performed on all sequences available in
the GenBank nt database, revealed that they should target mostly
metazoan taxa (Figure S1). This is thus surprising that the most
numerous groups identified in our data set are micro-organisms
(Protozoa and Chromista; Figure 4). This could be explained ei-
ther by the very high concentration of micro-eukaryotes in our
samples, which would lead to their amplification despite a higher
number of mismatches with the primers. Another likely explana-
tion could be the lack of references in GenBank's nt database for
the micro-eukaryotes identified in our study, thus biasing the re-
sults of the in silico PCR.

4.2 | eDNA metabarcoding is effective in
identifying groundwater macro-organisms

Among the 4917 ASVs listed with our approach, 752 (15.3%) could
be assigned to a taxon, across five eukaryote kingdoms and 11 meta-
zoan phyla (Figure 4). However, only 89 (1.8%) could be assigned at
the species level. The lack of resolution in our assignments is due to
the low number of reference sequences available in public databases
for groundwater taxa. For example, among the 827 species of mol-
luscs, arthropods and annelids listed in the PASCALIS project report
(Stoch et al., 2004), only 211 (25.5%) have at least one sequence
available in GenBank, and 186 (22.5%) have been sequenced for COI.
We could expect that the representation of these organisms would
be higher in more curated databases such as BOLD (Ratnasingham &
Hebert, 2007), and this is why we tried to perform the same assign-
ment protocol using this database as well (Table S5). Contrary to the
expectations, the use of BOLD resulted in the same amount of ASVs
assigned (13% at 80% identity vs. 15% with GenBank, and 3% at 90%
identity vs. 4% with GenBank). The combination of both databases
would only increase the number of metazoan species identified by
13, none of which having an affinity for groundwater. Even though
the amount of reads assigned to metazoans, and particularly to ar-
thropods, is higher with BOLD (Figure S2), we can wonder if this is
not an artefact due to the low representation of other groups in the
database. In fact 85% of specimens present in BOLD are arthropods.

A low representation of subterranean organisms in public data-
bases is reinforced as many species in subterranean environments
are not yet discovered or described (Zagmajster et al., 2018). This
issue is reported by other authors applying metabarcoding ap-
proaches to groundwater (Korbel et al., 2017; West et al., 2020).
It is thus not surprising that our assignment level was so low and
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that only 62 species could be identified. Additionally, the presence
of particular groundwater species might have been missed due to
unknown amplification biases.

About half of the species (33) recovered in our metabarcoding
data set are metazoan species, from five different phyla (Table 1).
Despite our use of a relatively loose threshold of 90% for species
assignment, all species but three have already been recorded in
Switzerland or in neighbouring countries, making their presence in
our data set plausible. Only Campylapsis sulcata, a marine species,
Alloionema appendiculatum, a nematode from North America, and
Fujientomon dicestum, a Protura from China, are unlikely. For the two
first, their lower identity with the references probably indicates that
the DNA present in our samples belongs to a closely related species.
For the latter, however, the identity of 100% would point towards
the presence of an erroneous sequence in the database. Among the
reliable assignments, five species are obligatory groundwater species
(stygobites) and belong to the amphipod genus Niphargus, all already
observed in Switzerland (Altermatt et al., 2019; Alther et al., 2021).
Three other species are stygophiles, meaning that they can occa-
sionally spend part of their life in groundwater. One of them is the
copepod species complex Acanthocyclops vernalis/robustus, which is
a very widespread taxon in the northern hemisphere and which has
been observed both in surface and ground-waters (Galassi, 2001).
Cernosvitoviella aggtelekiensis, an annelid species known to occasion-
ally occur in groundwater, was recorded only one time in Switzerland
under the synonym C. goodhui (Dumnicka et al., 2015). Our ASV,
however, is only 94.6% similar to the reference sequence, and could
belong to a closely related species, not listed in GenBank. The last
stygophile species is Rhyacodrilus falciformis, another annelid taxon
that was originally described from Switzerland (Bretscher, 1901).
The remaining 25 species are stygoxenes or non-aquatic taxa, mean-
ing that they have no affinity for groundwater or live in the soil or
in surface habitats. The presence of their DNA in our samples could
come from a contamination at the time of sampling as some of them
lived in the SCB (e.g. spiders). Contamination during filtration or lab
processing cannot be completely excluded (especially for human
DNA) even if none of the controls exhibited any reads after correc-
tion. To our opinion, however, the most likely explanation for most
of them is that these organisms (or part of them) were transported
through the soil and into the groundwater during rain events. This
theory is also mentioned by Lunghi et al. (2022) as an explanation for
the presence of freshwater macroinvertebrates' DNA in cave soil.
This is also congruent with the fact that other groundwater eDNA
studies systematically found DNA from surface organisms in their
samples (Oberprieler et al., 2021; West et al., 2020).

4.3 | Still sequencing in the dark

Despite having satisfactorily recovered several species from di-
verse habitats, the majority of our ASVs (96%) remained unas-
signed. Even when considering a loose assignment threshold of
80% identity, 85% of ASVs did not match with any references from

GenBank. The presence of a high amount of unassigned sequences
in eDNA metabarcoding data sets is a common issue, particularly
with COI (Collins et al., 2019 and references therein). Their pro-
portion in our study, however, is even higher than in other publica-
tions. For example, Macher et al. (2018), although using the same
identity threshold as our study (80%) could assign 37% of their
OTUs (vs. 15% of our ASVs) from river eDNA in New-Zealand.
Similarly, in Couton et al. (2022), 24% of reads from eDNA col-
lected in marinas could be assigned to a metazoan taxon, with an
even more stringent identity threshold (92%), when the number of
reads assigned to metazoans in our study is 1.4%. These compari-
sons suggest that a factor, specific for groundwater, is preventing
many assignments.

Given the very high percentage of unassigned ASVs, one could
wonder if these reads are actual DNA sequences present in our sam-
ples or if they could be technical artefacts. Metabarcoding is prone
to several types of errors such as PCR errors, sequencing errors, or
chimeras (Alberdi et al., 2018 and references therein). All these is-
sues, however, arise stochastically during the library construction,
are less abundant than the ‘true’ sequences from which they derive,
and are expected to occur randomly across the samples/replicates.
Contrastingly, the most abundant ASVs are unassigned in our data
set (Table S4), the ASV distribution is very consistent between rep-
licates (Figure 5), and there is a higher similarity within replicates of
one sampled site than between sites. Another source of bias comes
from the ability of universal primers to amplify parts of the genome
that are not targeted. This is particularly relevant when focusing
on mitochondrial markers, because of the presence of NUMTs (i.e.
nuclear non-functional copies of mitochondrial genes; Bensasson
et al., 2001). Here again, NUMTs are supposed to be less abundant
than mitochondrial sequences because they are present in a lower
copy number within the cell (Andujar et al., 2021), which does not
fit the pattern of our data set. Moreover, NUMTs sequences usually
contain non-synonymous mutations, which can produce stop-codons
(Anddjar et al., 2021). To control for such an artefact, we translated
all sequences assigned to arthropods with the phylogenetic place-
ment method (Table Sé). Almost all (99.3%) of them did translate into
protein sequences with only one of them including a stop-codon.
Furthermore, all of these translated sequences exhibited a protein
sequence highly similar to COI sequences, revealing that the pres-
ence of NUMTs is only minor in our data set. Together, this corrobo-
rates that the sequences produced with our protocol are actual true
COl sequences from organisms not referenced in public databases.

The high number of unassigned sequences with COI is usually
thought to be the result of convergence between the COI gene and
its homologues in prokaryotes. For example, Siddall et al. (2009)
demonstrated that marine gammaproteobacteria can be success-
fully amplified by the universal barcoding primers designed by
Folmer et al. (1994), and supposed to target exclusively metazo-
ans. The results of the phylogenetic placement approach on the
unassigned portion of our data set (Figure 4; Table S7) shows that
only a small proportion of reads were assigned to Bacteria (2.6%)
or Archaea (<0.1%). Most of our data set seems to be composed of
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micro-eukaryotes. The lack of reference sequences for these organ-
isms is not surprising as many of them are difficult to identify mor-
phologically, and because COI is usually not the marker of choice
for these groups (Burki et al., 2021; Zimmermann et al., 2015). More
surprising are the 6.8% of unassigned sequences attributed to meta-
zoans. This result underlines the lack of knowledge on groundwater
macro-organisms, and calls for a greater effort for describing new
species but also for sequencing existing specimens, as advocated
by Sacco et al. (2022). An online database dedicated to subterra-
nean taxa, called Stygofauna Mundi, is in development (Martinez
et al., 2018), which could stimulate the discovery of new species and
could help future eDNA metabarcoding works.

4.4 | Diversity present in groundwater eDNA
reflects land-use and geology

Given that taxonomic assignment is limiting the understanding of
groundwater eDNA sequences, we used a taxonomy-free approach
and looked at the diversity of ASVs within and between sites. The
community composition in the sampled sites were clearly different
depending on the land-use (i.e. if the SCB was situated in a forest or
in an agricultural area) and on the aquifer type (Figure 6). This result
was further confirmed by the PERMANOVA for land-use (Table 2),
with a significant effect on ASV distributions. Moreover, the sites
located in an agricultural area had a consistently lower ASV richness
(Table S3). The only exception to this pattern is Stel, a site located
just downhill from a golf course. We classified it as ‘agriculture’ be-
cause we believed that the intensive care of the golf lawns would
have a similar effect on soil and groundwater communities than crop
growing. It seems, however, that this is not the case as the eDNA
pattern is closer to forested sites.

The diversity patterns were strong, despite the relatively small
fraction of the variance between sites explained (Table 2). Many
parameters could explain the remaining 73.3% of unexplained vari-
ance, which were not addressed in our study. For example, it could be
linked to several chemical factors, such as the presence of particular
pollutants or the amount of dissolved oxygen, or to physical param-
eters, such as the temperature, the flow rate at the time of sampling,
past drying events of the aquifer or the size of pore spaces in the
sediment. For the latter, the classification of aquifer types used in
this study was very coarse, and within each category, aquifers can
have different geological compositions with various porosities. These
micro-scale changes could play an important role in the availability
of suitable habitats, especially for macro-organisms. Many studies
demonstrated the impact of land-use and geology on chemical and
physical properties of groundwater (Foster & Custodio, 2019; Lerner
& Harris, 2009). Micro-organisms are also often targeted to show the
biological impact of pollution or depletion (e.g. Korbel et al., 2022;
Kwon et al., 2020). We show here that all these modifications in
groundwater quality and quantity are also reflected in the eukaryotic
community, which could serve as a proxy for a more integrative mon-

itoring, as also suggested by Korbel et al. (2013).

Out of the 10 ASVs that contribute the most to the observed
pattern, seven are unassigned (Figure 6; Table S4). The three others
are associated with protozoan genera from the phylum Amoeboza
(Vexillifera, Vannella, and Korotnevella), which are not known to be
living in groundwater. As in any taxonomy-free approach, we cannot
know if the patterns observed are attributed to stygobites, stygo-
philes or stygoxenes/non-aquatic taxa. If the proportion of each of
these groups identified in Table 1 is representative of the whole data
set, it is likely that most of our ASVs are actually associated with sty-
goxene and non-aquatic taxa, possibly washed in from surface/soil
ecosystems. However, a tight coupling of above- and below-ground
ecosystems is expected, and groundwater signals should integrate
all these communities, as demonstrated by Lunghi et al. (2022). The
differences observed related to land-use could be attributed to soil
micro-organisms, but since all strata (i.e. surface, soil, and ground-
water) are interconnected, if one is impacted, it is likely that the oth-
ers will be too. Based on previous knowledge about subterranean
organisms from caves (e.g. Fong, 2019; Simon et al., 2003), we can
assume that the major food source of stygobionts is coming from
the surface or the soil. The organic matter detected in our samples,
although belonging to stygoxene/non-aquatic organisms, could thus
be utilized by groundwater species, and be mechanistically coupled
to groundwater communities.

In conclusion, we demonstrated that eDNA metabarcoding
could be a valuable tool in the study of underground communi-
ties. Although our lack of knowledge on the organisms living in
groundwater can dramatically impair taxonomic assignments of
metabarcoding sequences, the use of a taxonomy-free approach
allowed us to reveal an abundant unknown diversity. The compar-
ison of the observed genetic assemblages revealed a difference
between communities associated with forested or agricultural
areas as well as between the different aquifers sampled. This re-
sult, although expected since many chemical and physical factors
are already known to differ depending on land-use and geology, is
demonstrating the necessity to consider biodiversity in ground-
water management plans. Since most of the taxa identified in our
data set were surface or soil organisms, we believe that eDNA-
based monitoring could be particularly interesting in that regard
as it would allow an integrative view of several interacting com-
munities. Of course, more work is needed to evaluate the capacity
of groundwater eDNA to adequately depict each community but
we strongly believe that it should be included in surveillance pro-
grammes to investigate the impact of land-use or climate change

on the aquifers.
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