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Abstract

Aquatic biofilms are heterogeneous assemblages of microorganisms surrounded by a matrix
of extracellular polymeric substances (EPS). Recent studies suggest that aquatic biofilms can
physically act as sorptive sponges of DNA. We took the opportunity from already available
samples of stone biofilms and macroinvertebrates specimens collected in parallel at the same
sites to test the capacity of biofilms to act as DNA samplers of macroinvertebrate
communities in streams. Macroinvertebrate communities are usually studied with
metabarcoding using the DNA extracted from their bodies bulk samples, which remains a
time-consuming approach and involves the destruction of all individual specimens from the
samples. The ability of biofilms to capture DNA was explored on 19 rivers sites of a tropical
island (Mayotte Island, France). First, macroinvertebrate specimens were identified based on
their morphological characteristics. Second, DNA was extracted from biofilms, and
macroinvertebrate communities were targeted using a standard COI barcode. The resulting
morphological and molecular inventories were compared. They provided comparable
structures and diversities for macroinvertebrate communities when one is working with the
unassigned OTU data. After taxonomic assignment of the OTU data, diversity and richness
were no longer correlated. The ecological assessment derived from morphological bulk
samples was conserved by the biofilms samples. We also showed that the biofilm method
allows to detect a higher diversity for some organisms (Cnidaria), that is hardly accessible
with the morphological method. The results of this study exploring the DNA signal captured
by natural biofilms are encouraging. However, a more detailed study integrating more
replicates and comparing the biodiversity signal based on both morphological and molecular

bulk macroinvertebrate samples to the one captured by biofilms will be necessary. Better



understanding how the DNA signal captured by natural biofilms represents the biodiversity of

a given sampling site is necessary before considering its use for bioassesment applications.
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1. Introduction

Aquatic biofilms can be described as an assemblage of bacteria, algae, fungi, and protozoa
that are enclosed within a matrix composed of extracellular polymeric substances (EPS) and
develop on wetted surfaces (Romani et al., 2016). EPS from the biofilm matrix are generally
molecules of high molecular weight with both positive and negative binding sites, each
playing an important role in molecules’ sorption (Wolfaardt et al., 1998). Mora-Gémez et al.
(2016) indicated that aquatic biofilms can trap particulate material from the water column
and, thus, increase its concentration in contrast to the water column. Several studies have
shown that biofilms are able to sorb organic compounds such as pesticides (e.g., Diuron)
(Flemming & Wingender, 2010; Chaumet et al., 2019) or polycyclic aromatic hydrocarbons
(PAHs) (Froehner et al., 2012). Recently, Shogren et al. (2018) observed that the presence of
benthic biofilms in recirculating streams significantly decreased extra-cellular fish DNA
concentrations from the water column. Hence, they hypothesized that the biofilm may entrap
extra-cellular DNA, resulting in either the temporary or permanent removal of DNA particles
from the water column. The quantity of trapped material depends on the biofilm structure and
composition, which are greatly influenced by the chemical, physical, and biological
conditions (e.g., substrate, light, temperature, nutrients, oxygen, pH, flow, pressure, salinity,
and grazing) (Mora-Gémez et al., 2016). The sensitivity of biofilm and, in particular, diatoms
(its main component) (Morin et al., 2016) to water chemistry, as well as the geomorphological

and physical characteristics of rivers and lakes, led to the use of these organisms for the



monitoring of aquatic ecosystems. Diatoms from biofilms have, indeed, been used as
bioindicators of water quality for centuries (Rimet, 2012) and, over the last decade, diatom
metabarcoding from biofilms has been applied successfully to the assessment of the
ecological status of rivers and lakes (Vasselon et al., 2017; Rivera et al., 2018; Mortdgua et
al.,, 2019; Rivera et al., 2020). In the same way as biofilm, environmental biota such as
sponges have recently been suggested to have the ability to act as natural eDNA samplers in
marine environments (Mariani et al., 2019).

Another group of organisms widely used to monitor the quality of freshwater ecosystems are
macroinvertebrates. The conventional method is based on the collection of specimens in the
field and their subsequent identification at the lowest practical level (generally genus or
species) (Bailey et al., 2001) on the basis of their morphological characteristics. However, this
requires taxonomic expertise, especially at immature life stages (larvae and nymphs), where
diagnostic morphological characters are not fully developed and identification to the species
level is generally not possible (Sweeney et al., 2011). Additionally, during field sampling,
macroinvertebrate specimens can be damaged, which hamper their identification. Recent
advances in sequencing technologies enabled the development of DNA metabarcoding
(Taberlet et al., 2012). This alternative approach enables to identify specimens in multiple
samples simultaneously by combining DNA barcoding (Hebert et al., 2003) with High-
Throughput Sequencing (HTS). Thus, macroinvertebrate specimens are identified based on a
standard fragment of their DNA (DNA barcode) instead of their morphology. This overcomes
the taxonomic challenges of the conventional morphological approach. Metabarcoding studies
on macroinvertebrate communities are usually performed on DNA extracted from bulk
samples. This approach consists of collecting macroinvertebrates in the field, sorting and

mixing them together, and then extracting DNA from this mixture. This new method showed



good results in identifying macroinvertebrate specimens for monitoring purposes (Hajibabaei
et al., 2011; Carew et al., 2013; Elbrecht & Leese, 2017; Serrana et al., 2019). Nevertheless,
some issues remain problematic as is the relationship between biomass or species counts and
read abundances (Elbrecht et al., 2017).

Additionally, macroinvertebrate metabarcoding involves the destruction of all individual
specimens from the samples, as DNA extraction protocols require the homogenization of the
biomass from all organisms. Furthermore, this remains time-consuming, as macroinvertebrate
specimens must still be collected and sorted prior to DNA extraction. However, a recent study
(Pereira-da-Conceicoa et al., 2020) proposed a much faster approach on unsorted bulk
samples, including debris, which reduces sample-processing time and allows identifying taxa
at a much finer resolution.

Based on this, the aim of this study is to evaluate the capacity of aquatic biofilms to act as
passive samplers of eDNA. This property can be investigated by targeting macroinvertebrate
eDNA, which is composed of both intra- and extra-cellular DNA (Taberlet et al., 2018).
Therefore, we extracted DNA directly from biofilms and performed DNA metabarcoding of
the macroinvertebrate community using a standard DNA barcode (i.e., COI). If
macroinvertebrate eDNA is present, this approach could be used to produce a taxonomic
inventory of the community. This alternative approach could represent a cheaper, faster, and
less complicated method for macroinvertebrate metabarcoding studies. First, we hypothesized
that biofilms can catch macroinvertebrate eDNA. Second, we hypothesized that
macroinvertebrate community structure and diversity, obtained from biofilm metabarcoding
on macroinvertebrate DNA amplicons, could be comparable to that obtained using the

conventional approach.



To test these hypotheses, we took the opportunity to use macroinvertebrate specimens and
natural biofilms already sampled at same river sites for biomonitoring purposes. Samples
came from several river sites from a French tropical island monitoring network (Mayotte).
First, macroinvertebrate inventories were obtained through conventional sampling with a
Surber net and morphological-based identifications using a binocular. Second,
macroinvertebrate inventories were identified from biofilms using DNA metabarcoding.
Finally, we compared the macroinvertebrate community structure, diversity and richness
obtained with both approaches in order to evaluate the potential of biofilms to be used as
environmental DNA sensors. We also explored if the ecological assessment using the
taxonomic richness of insect families from the Ephemeroptera, Plecoptera and Trichoptera
orders (EPT) provided by the conventional morphological approach was preserved with the

biofilm molecular approach.

2. Material and Methods

2.1.  Study site

Benthic macroinvertebrates and biofilm samples were collected in August 2017 from 19 sites
(12 rivers) of Mayotte, a French tropical island located in the Comoros archipelago in the
Mozambique Channel (Figure 1). Sampling sites are part of the EU Water Framework
Directive (WFD) regular river monitoring network of Mayotte which corresponds to river
sites under poor to good ecological quality conditions (Vasselon et al., 2017, Tapolczai et al.,
2017), with physicochemical gradients described in Tapolczai et al. (2019a). Briefly, in these
short tropical rivers poor quality conditions are associated with higher nutrient and organic

matter concentrations, while good quality conditions are associated with well-oxygenated



waters. An overview of in situ conditions measured during the 2017 sampling campaign is

available at the supplementary dataS1.

2.2.  Field sampling

Macroinvertebrate specimens were collected using a Surber net (0.05 m2, 250 um mesh size).
At each site, samples of macroinvertebrates were collected from marginal and dominant
substrata following the French standard protocol (Afnor, 2016; a summary of the sampling
methodology is given in Supporting Information 1). The sampled habitats were diverse:
bedrock, clay, silt, sand, gravel, pebbles, cobbles, boulders, leaf litter, tree roots, woody
debris, macrophytes, and moss. Immediately after collection, individual samples were fixed

with ethanol (90%) to create a final concentration of at least 70%.

In the laboratory, macroinvertebrates were sorted and preserved in 70% ethanol.
Morphological identification of the specimens was conducted to the lowest possible
taxonomic level, that is to say species level (if possible), under a binocular loupe (Leica MZ
7.5; cold light source Schott KL1500 LED) using both published and unpublished
determination keys (Day et al., 2002; De Moor et al., 2003a, 2003b; Keith et al., 2006; Valade
et al., 2007; Johanson & Mary, 2009; Tachet et al., 2010; Pesic¢ et al., 2015; Mary, 2017; Pesi¢

et al., 2018; Smit et al., 2010).

At each of the 19 sites, biofilm sampling was performed from five stones collected in flowing
parts within the river stretch where the macroinvertebrate specimens were collected. The
biofilms were recovered by scraping of the stones’ upper surface with a clean toothbrush

following the European standard EN 13946 (Afnor, 2014). The 19 samples were stored in a



sterile 50 ml Falcon© tube, fixed in ethanol (70% final concentration) according to European

protocols (CEN, 2018), and kept cold (4—7°C) until molecular treatment.

2.3.  Extraction of total DNA from biofilms

DNA extractions were performed using 2 mL of the preserved biofilm samples. After
centrifugation at 13,000 rpm for 30 min at 4°C, a supernatant containing ethanol was removed
and the pellets were used as a starter for DNA extraction. Total genomic DNA was isolated
using the NucleoSpin® Soil Kit (Macherey-Nagel, GmbH, Diiren, Germany) following the
manufacturer’s instructions. Lysis buffer SL1 combined with the chemical additive Enhancer
SX was used for the mechanical lysis of the sample material. The quality and quantity of the

extracted DNA were checked using a NanoDrop spectrophotometer.

2.4.  COI amplification and sequencing

A 461-bp (including primers) fragment of the mitochondrial cytochrome c oxidase subunit I
gene (COI) was amplified using a two-step polymerase chain reaction (PCR). To obtain
technical replicates, two subsamples of each DNA extract were used for subsequent PCR
amplification and HTS. For PCR1, each DNA extract was amplified in triplicate using the
equimolar mixes of the BF2 (5’-GCHCCHGAYATRGCHTTYCC-3’) and BR2 (5’-
TCDGGRTGNCCRAAARAAAYCA-3’) primer sets (Elbrecht & Leese, 2017) to which
sequencing adapters had been added. Half of the P5
(CTTTCCCTACACGACGCTCTTCCGATCT) and P7

(GGAGTTCAGACGTGTGCTCTTCCGATCT) Illumina adapters were included in the 5'part



of the BF2 and BR2 primers, respectively. PCR1 amplifications were performed using a 24
puL mix containing 1 pL of extracted DNA, 0.625 U of TaKaRa LA Taq polymerase (TaKaRa
Bio, Sugatsu, Japan), 2.5 uL of 10X buffer, 1.25 uL of 10uM of each primer, 1.25 uL of 10 g
L -1 bovine serum albumin (BSA), 2 uL of 2.5 mM deoxynucleotide (INTP), and 15.6 pL of
H20 (molecular-biology grade). PCR conditions were an initial denaturation of DNA at 94°C
for 3 min followed by 30 cycles of denaturation at 94 °C for 30 s, annealing at 50 °C for 30 s
and extension at 65 °C for 2 min 30 s. Two negative PCR controls were performed in order to
detect potential contamination during the amplification step. After PCR, amplification of the
COI barcode in each sample was confirmed by agarose gel electrophoresis using a 1.5 %
agarose gel. All negative controls appeared negative. Because PCR controls did not showed
positive amplicons we did not include them in the Illumina library construction and
sequencing. However, it would have been interesting to do this as a measure to minimize tag
jumps (Schnell et al. 2015). For the PCR2, the three PCR1 replicates prepared for each DNA
extract were pooled and sent to the “GenoToul Genomics and Transcriptomics” platform
(GeT-PlaGe, Auzeville, France), where subsequent laboratory preparations were performed.
The 38 PCR1 amplicons were purified and used as templates in the PCR2, which used
[llumina tailed primers targeting the half of the P5 and P7 sequences. Finally, the 38
generated PCR2 amplicons were dual-indexed using homemade 8-base indices and pooled
into a single tube. The final pool was sequenced on an Illumina MiSeq flow cell using the V3
paired-end sequencing kit (250 bp x 2) to ensure a high sequencing depth. The quality of the
run was checked internally using PhiX, and then each pair-end sequences were assigned to its

sample with the help of the previously integrated index.

2.5. Reference library construction



To have a COI macroinvertebrate reference library that is compatible with our bioinformatics
pipeline using the Mothur software (Schloss et al., 2009), a local library was built. To that
end, COI macroinvertebrate sequences were downloaded from the public data portal of the
Barcode of Life Data System v4 (BOLD) with special emphasis on macroinvertebrate taxa
identified from Mayotte Island in previous monitoring studies, as well as macroinvertebrate
taxa considered as part of the 15 most relevant freshwater invertebrate taxonomical groups for
bioassessment (see Elbrecht & Leese [2017] for more details). Sequences were downloaded in
FASTA (a text-based file containing the nucleotide sequences) and TSV (a text-based file
containing the taxonomic affiliation of each nucleotide sequence) formats. All DNA
sequences were filtered by length and quality according to the following criteria: minimum
length =400 bp, homopolymer < 7 bp, and ambiguous base = 0. The remaining sequences
were combined and analyzed as a whole. Sequences were first aligned in MAFFT and then
the 421 bp region was targeted by looking for the BF2 and BR2 primer set. Sequences
presenting more than one mismatch in the forward primer and the reverse primer were
removed. Finally, sequences were dereplicated and alignment gaps were removed.
Taxonomical information about the remaining sequences was recovered from the TSV files.
The good identity of the sequences was tested by assigning the library to itself using the naive
Bayesian method (Wang et al., 2007) with a confidence score threshold of 75%. Sequences
presenting mismatches in the taxonomical assignment between Mothur and BOLD were
removed. The final reference library resulted in 15,399 DNA sequences of the COI barcode
from 5 phyla, 11 classes, 19 orders, 526 families, 2974 genera and 6749 species. An overview

of the most abundant orders is presented in Figure 2.

2.6. Local reference library adequacy



The adequacy of our local library for the study of the macroinvertebrate DNA diversity found
in biofilm samples was assessed through a comparison of its taxonomic list to the list of taxa
detected in the morphological inventories. A comparison was performed at the phylum, class,
order, and family levels using the interactive tool Venny v.2.1 (Oliveros, 2016). A
comparison below family level was not performed because morphological taxa lists contained
taxa identified at taxonomic ranks between family and genus levels (e.g., tribe) that were not

considered in our local reference library—thus, hampering their comparison.

2.7.  HTS data analyses

Sequence data processing was performed starting from demultiplexed Miseq data that were
first paired and merged (paired sequences overlap > 35 bp and mismatches <1). Overlapped
FASTA files were then filtered by length and quality according to the following criteria:
minimum length =451 bp, maximum length =471 bp, homopolymers <8 bp, and ambiguous
base = 0. All the resulting FASTA files were combined and de-replicated to keep only unique
sequences with read abundances > 3. Chimeric DNA sequences were removed using the
Vsearch algorithm. The resulting sequences were then assigned a taxonomy using our local
macroinvertebrate library and the naive Bayesian method (Wang et al., 2007) with a
confidence score threshold of 75% (i.e. in a bootstrap, the percentage of times that the
sequence must match to the same taxonomy in order to be assigned a definitive taxonomic
name). This first assignation of all environmental sequences allowed us to detect and
subsequently eliminate non-macroinvertebrates sequences. Only DNA sequences belonging to
macroinvertebrates were kept for further analysis. Subsequently, a similarity distance matrix
was generated using the dist.seqgs command. Based on this distance matrix, sequences

belonging to closely related groups were clustered into OTUs using the furthest neighbor
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algorithm at a 97% similarity level. A list of OTUs and their relative abundances was
produced for each of the samples based on read abundances per OTU.

Molecular taxa lists were then created by providing a taxonomy to each OTU using the
classify.otu command with a consensus confidence threshold of 80% (i.e., the consensus
taxonomy of the individual sequence units [ISU] within each OTU) (Schloss et al., 2009).
Finally, a DNA representative sequence was determined for each OTU using the get.oturep
command in Mothur. For statistical analysis, the OTU abundances of the two technical
replicates were merged and analyzed as a single sample.

As mentioned previously, reads that did not match sequences from our local library remained
unclassified and were removed after the taxonomic assignment step. To ensure that these
unclassified reads corresponded to non-macroinvertebrate organisms, they were blasted
against the NCBI database (Sayers et al., 2019) to determine their taxonomic identity. For
that, unclassified reads were clustered into OTUs using the furthest neighbor algorithm at a
97% similarity level. Then a DNA representative sequence was determined for each OTU and
blasted against the NCBI database (Standard Nucleotide BLAST) (Sayers et al., 2019). This
step allowed us to confirm the choice of our pipeline settings and the good coverage of our

database.

2.8.  Comparison of community structures obtained with both morphology
and biofilms’ molecular approaches

The structures of macroinvertebrate communities derived from both morphological and

molecular approaches were compared using a Mantel test (Mantel, 1967). This test assesses

the correlation between two matrices, allowing the estimation of the relationship between

them (Legendre & Fortin, 2010). We wanted to know if the macroinvertebrate community
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structure given by the DNA biofilm approach was similar to that given by the classical
morphological one. The test was performed between the morphological and the molecular
OTU data based on Bray Curtis distances. To avoid biases related to quantification, the
comparison of the structure of macroinvertebrate communities derived from both approaches

was also compared in terms of presence/absence (based on Jaccard distances).

Similarly, after taxonomic assignment of the OTU data, we tested whether the community
structures derived from both morphological and molecular taxonomical inventories were
comparable using a Mantel test. The tests were performed in the statistical software R (R Core

Team, 2019).

2.9. Comparison of biodiversity assessed with morphology and biofilms’

molecular approaches

We compared the diversity and richness of macroinvertebrate communities assessed from
morphological bulk samples and biofilm samples. The Shannon index (Shannon & Weaver,
1949) and the observed richness were calculated from the morphological inventories (number
of unique taxa occurring in a sample) and the OTU data (number of unique OTU occurring in
a sample). Shannon index (H’) was calculated as follow: H' = — Y.7_; p; X Inp; were pi is the
proportion of total sample represented by species i. Correlations between biodiversity and
richness metrics derived from both approaches were tested using the cor.test function in the

statistical software R (R Core Team, 2019).

Similarly, after the taxonomic assignment of the OTU data, we tested whether diversity and
richness metrics derived from both morphological and molecular taxonomical inventories

were correlated.
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The five most abundant taxa detected with both approaches are compared in Table 1.
Additionally, a comparison between both approaches at family level in terms of

presence/absence is presented in Table 2.

2.10. Ecological characterization of the sampling sites

The Ephemeroptera (mayflies), Plecoptera (stoneflies) and Trichoptera (caddisflies) (EPT)
orders are considered as good indicators of water quality due to their low tolerance to water
pollution (Stoyanova et al., 2014). Large percentages of EPT taxa in rivers indicate a high
water quality. Water quality of Mayotte rivers is assessed by calculating the EPT index
(Lenat, 1987) which is equal to the total number of families represented within the
Ephemeroptera and Trichoptera orders (Plecoptera order is absent in Mayotte rivers). Based
on the EPT’s scores, water quality can be classified in 4 classes: poor (EPT < 2), moderate (2
< EPT < 4), good (5 < EPT < 7) or very good (EPT > 7). This classification is adapted for
Mayotte rivers and was based on official’s assessment reports (Mary, 2018).

Since many of our sequences were assigned not lower than phylum or class levels, we were
not able to determine EPT values directly from the molecular inventories (see Table 2).
However, to get an idea of whether the ecological assessment obtained with both approaches
is comparable, we used the morphological water quality groups inferred from the
morphological EPT values to characterize each sampling site. We performed non-metric
multidimensional scaling (nMDS) based on Bray Curtis distances to compare the distribution
of the sampling sites (characterised by their water quality group) when assessed through the
three approaches: morphology, biofilm molecular with unassigned or assigned OTUs. nMDS

were performed in the statistical software PAST 3.25 (Hammer et al., 2001).
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3. Results

3.1. Is the reference library adapted to the studied rivers?

The comparison between the morphological inventories and our local reference library
showed that the library is quite complete for the analysis of the macroinvertebrate
communities in Mayotte rivers. Figure 3 summarizes the comparison between the taxa
observed in the morphological inventories and the available taxa in our local library. At the
family level, 77% of the observed taxa had references in the library. Only 13 families over 57
that were identified on the basis of morphological criteria were missing from our local

reference library. Most of them corresponded to families with abundances lower than 1%.
3.2.  Morphological results

A total of 96 taxa belonging to 57 families, 68 genera, and 22 species were identified from all
habitats among all the samples. The dominant taxa were Chironomus (19,033 individuals,
28.1%), Simulium (8,860 individuals, 11.6%), Tanytarsini (7,705 individuals, 11.2%),
Naididae (4,152 individuals, 6.1%) and Thiara scabra (4,129 individuals, 6.1%)

(Supplementary data S2).
3.3.  Biofilm molecular results

After contigs, we obtained 14,919,139 reads, among which 3,556,583 (24%) passed the
quality filters. From these, 962,220 reads (27%) were assigned to macroinvertebrates using
our local reference library, while the remaining 73% could not be assigned to any
macroinvertebrate taxa (Figure 4A). The clustering of DNA sequences belonging to

macroinvertebrates at the 95% level resulted in 670 OTUs. The number of OTUs per sample
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ranged from 41 to 202, with an average of 128 OTUs per sample. The taxonomical
assignment of OTUs resulted in 11 genera belonging to five orders and three classes. The
dominant molecular taxa were Insecta_unclassified (34.5% of the reads comprising 154
OTUs), Diptera_unclassified (26.3%, 17 OTUs), Hydrozoa_unclassified (10%, 308 OTUs),
Craspedacusta sowerbii (7.3%, 4 OTUs), and Hydra sinensis (6.3%, 6 OTUs)

(Supplementary data S2).

Sequences that could not be identified with our local macroinvertebrate reference library
represented 73% of the sequence data and could be clustered into 5,256 OTUs. We blasted on
NCBI (Sayers et al., 2019) the dominant OTUs (OTUs with abundances higher than 1% and
representing 74% of the unidentified sequences). Sixty-six percent of the OTUs matched with
algae, 2% matched with bacteria, 4% matched with fungi (4%), and 2% matched with other
metazoans (Figure 4B). Sixty-six percent of non-macroinvertebrate sequences corresponds

with algae, a major component of biofilms.

3.4. Comparison of community structures obtained with both morphology

and biofilms’ molecular approaches

The comparison between the molecular and morphological inventories by means of Mantel
test revealed a significant relationship between the morphological and the molecular OTU
data (r=0.555, p value= 0.0001). This was true also for the morphological and molecular
inventories obtained after the taxonomic assignment of the OTU data (r=0.549, p value=
0.0001). When considering presence/absence inventories, the relationship between
morphological and molecular OTU macroinvertebrate structure was also significant (r= 0.707,

p value= 0.0001). On the contrary, after the taxonomic assignment of the OTU data the
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relation between the morphological and molecular inventories in terms of presence/absence

was considerable reduced (r= 0.38, p value= 0.0068).

3.5. Comparison of biodiversity assessed with morphology and biofilms’

molecular approaches

The Shannon index and the observed richness were calculated for both morphological and
molecular OTU data. Correlation tests showed that macroinvertebrate diversity and richness
obtained using both approaches are correlated (R=0.48, p value=0.038 and R=0.61, p
value=0.006, respectively) (Figure 6). However, the obtained diversity and richness metrics
were no longer correlated after the taxonomical assignment of OTUS (Riaxa-Shannon=0.34, p

value=0.15 and Ryaxa-Richness=0.14, p value=0.56, respectively).

The relative abundances of taxa at phylum and class levels are compared between
morphological and molecular inventories in Figure 7. Comparison of relative abundances was
not performed below the class level because the taxonomic level reached with the molecular
approach was not the same as that reached with the morphological one, making this
comparison difficult. The two dominant Phyla (Arthropoda and Mollusca) were detected with
both approaches. Conversely, the molecular approach was unable to detect the Phyla
Platyhelminthes and Nemertea but detected a large proportion of Cnidaria, which was seldom
observed with the morphological approach (only one individual observed in a single station).
Regarding the class level, in both cases, Arthropoda correspond mainly to Insecta class.
Mollusca taxa, for their part, correspond mainly to the Gastropoda class. The Cnidaria phylum
detected using both approaches corresponded to the Hydrozoa class. In many cases, molecular
sequences were not assigned to lower taxonomic levels than phylum and remained

“phylum_unclassified” (e.g., arthropoda_unclassified, annelida_unclassified,
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mollusca_unclassified). Furthermore, when comparing the five most abundant taxa detected
with both approaches we observed great differences (Table 1). We also observed great
differences between both approaches at the family level (Table 2). Only 11 families could be
detected with the biofilm molecular approach. Looking at the EPT taxa, no families from
Ephemeroptera order could be detected with the molecular method compared to the
morphological one were 3 families where observed (Baetidae, Caenidae; Leptophlebiidae).
Concerning the Trichoptera order, the biofilm approach detected only 2 families (Ecnomidae

and Philopotamidea) compared to the morphological approach which detected 8 families.

3.6. Ecological characterization of the sampling sites

The ecological characterization of the sampling sites obtained with the morphological
approach using the EPT index was conserved with the biofilms approach (Figure 5). Both
approaches clearly separate sites with a bad water quality class from the rest of the sites. For
the biofilm molecular approach this was true before and after the taxonomic assignment of the

OTU data. Morphological EPT index values are available at Supplementary data S3.

4. Discussion

Metabarcoding studies of macroinvertebrate communities are usually performed on DNA
extracted from bulk samples of collected and sorted specimens (Carew et al., 2013; Elbrecht
& Leese, 2017; Hajibabaei et al., 2011). More rarely, eDNA was extracted directly from

preservative ethanol (Hajibabaei et al., 2012), water (Bista et al., 2017; Fernandez et al., 2019;
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Hajibabaei et al., 2019; Schneider et al., 2016; Thomsen & Willerslev, 2015) or sediments

(Aylagas et al., 2016) to detect freshwater macroinvertebrates.

The retention of eDNA in biofilms has already been studied either as a factor influencing
eDNA degradation, or as a factor removing eDNA from the water column (Shogren et al.,
2018; Shogren et al., 2016). To our knowledge, this is the first study that looks for
macroinvertebrates’ eDNA in biofilms. In this exploratory study we demonstrated, first, that
environmental river biofilms can hold macroinvertebrate eDNA. Second, we showed
similarities between the macroinvertebrate community structures derived from the
conventional approach (Surber sampling and morphological identification) and from the
approach using biofilm-captured eDNA. Third, we showed that diversity (Shannon index) and
richness metrics assessed through eDNA in biofilms, based on OTU data, are correlated to
those obtained using the conventional approach. Finally, we showed that the ecological
assessment derived from the morphological inventories, based on the EPT index, was

conserved when using the macroinvertebrate inventories assessed from eDNA in biofilms.

However, even if these results seem promising, there are a number of discrepancies between
both methods. First, even if we observed a good correlation between the diversity and
richness metrics obtained using both approaches, this correlation was observed only when
using OTUs, prior to taxonomic assignment. After the taxonomic assignment of the OTUs,
the correlations were no longer significant. Second, we also observed that the most frequently
identified taxa of the molecular inventories were different from those of the morphological
inventories (Table 1). Even though our local reference library covers a large majority of the
taxa detected in our morphological inventories, in most cases, the taxonomical assignment of
the OTUs only reached coarse taxonomic levels (class, order). It was rarely possible to assign

OTUs to more precise levels (family, genus or species).
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In the following paragraphs, we explain the origin of these differences, which comes from
(4.1) technical and (4.2) biological factors. Then, we explain the originality and

complementarity of using eDNA in biofilms to assess macroinvertebrates diversity (4.3).

4.1. Technical reasons explain differences between morphological

inventories and molecular inventories from biofilms eDNA

4.1.1. Local reference library

Species from tropical zones are known to be badly represented in public reference barcoding
libraries. However, even for very well-studied biogeographical regions, like Europe, the
coverage of reference libraries is far from complete: for instance for Diptera, Ephemeroptera,
or Mollusca, over 40% of species are not yet barcoded (Weigand et al., 2019). Our study area
is located in a remote tropical region where macroinvertebrate diversity is still not well-
studied. Indeed, several endemic species have been recently described from Mayotte Island
(Moubayed-Breil & Mary, 2019; Johanson & Mary, 2009) and all these new species are not
barcoded. The macroinvertebrate sequences recovered from BOLD and used to construct our
local library did not fit for our tropical freshwater environments. They remained insufficient
for purposes of obtaining a precise taxonomical resolution in particular at species level. This
lack of endemic tropical taxa in the reference library partly explain why the majority of
macroinvertebrate sequences were assigned only to class (Insecta, 34.5%) or order level

(Diptera, 26.3%; Hydrozoa, 10%).

On the other hand, the accuracy and reliability of the public database used to construct our
reference library may also explain the poor taxonomic assignment. DNA barcode sequences
from BOLD may contain some erroneous data (Meiklejohn et al., 2019). If the database

contains two DNA sequences belonging to the same taxa but identified using different
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taxonomic names, this will cause the failure of the assignment. Thus, these sequences will

remain “unclassified” at high taxonomic levels.

4.1.2 Primer bias

The considerable amount of non-macroinvertebrate taxa detected using the biofilm molecular
approach (73%) indicates the impact of the primer pair we used (Figure 4). Biofilms host a
rich biodiversity covering eukaryotic algae, cyanobacteria, bacteria, fungi, insect larvae,
ciliate and flagellate grazers. Diatoms and bacteria are the most abundant taxa (Battin et al.,
2016). The dominance of non-macroinvertebrate taxa in biofilms along with the use of the
degenerated primers BF2/BR2 can explain why we amplified more untargeted taxa than the
macroinvertebrates themselves. The amplification of a large number of untargeted taxa related
to the use of BF2/BR2 has already been reported by Zizka et al. (2018). To avoid the
amplification of untargeted taxa when one is working with biofilm samples, a solution would
be to use more specific primers to increase the amplification accuracy. Recently, Leese et al.,
(2020) developed a new reverse primer to minimize the amplification of non-target organisms
from water samples using primers that amplify short DNA sequences. We could also envisage
working on a less ubiquitous gene than COI when working in a such rich diversity matrix as

biofilms.

Another problem with BF2/BR2 primers is their difficulty to amplify some Mollusca and
Trichoptera taxa (Leese et al., 2020). This may explain why we detected two times more
Mollusca in the morphological bulk samples compared to the DNA biofilm samples (Figure
7). We also observed very few trichoptera sequences which may be due to primers bias but
also to biological reasons (see below). The use of primers targeting a long barcode (421 bp

excluding primers) can also partly explain the high percentage of macroinvertebrate
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sequences (70.8%) that could not be assigned beyond the class or order level. Longer
barcodes can accumulate more errors during the amplification and sequencing processes
(Aylagas et al., 2016; Schirmer et al., 2015). Furthermore, macroinvertebrate eDNA in
biofilms should be essentially extra-cellular DNA (DNA released from cell lysis), which is
more degraded compared to intracellular DNA (DNA from living cells or living multicellular
organisms) (Taberlet et al., 2018). The BF2/BR2 primers were developed to target the COI
gene in intracellular DNA extracted from whole organisms. They are probably not the best
adapted to amplify degraded extracellular DNA, as we probably had in environmental
biofilms. Primers for extracellular DNA must target a short-enough DNA region to be able to
amplify more degraded eDNA (Ruppert et al., 2019). Therefore, we would recommend, in the
future, the use of primers targeting shorter COI fragments as those developed by Vamos et al.
(2017). The preference for shorter COI primers has been also mentioned by Bista et al.
(2017), who showed a better taxonomic resolution with shorter (235 bp) amplicons than do

larger (658 bp) when working with degraded DNA.

4.2. Biological reasons explain differences between morphological

inventories and biofilm-captured molecular inventories

The amount of eDNA that the organisms release into their environment depends mainly on
biological factors, e.g., species, size, biomass, age classes within species, biological activity,
feeding and reproduction behavior, migration patterns, etc. (Barnes & Turner, 2016).
Additionally, some organisms can present morphological features —such as the presence of
an exoskeleton— that may reduce the release of DNA in the environment. Indeed, organisms
with sclerotized bodies (e.g., arthropods) release less DNA compared to fish and amphibians

(Taberlet et al., 2018). We observed the same kind of phenomenon in our study: some insects,
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such as several Trichoptera families, are surrounded by a case that may limit DNA release
(Zizka et al., 2018). In Mayotte, of the eight Trichoptera families detected using the
morphological approach, three (Pisulidae, Leptoridae, and Calamoceritidae) exhibit larvae
construction during the whole larval phase while one (Hydroptilidae) does so only at the last
larval stage (Tachet et al., 2010). This may partly explain why, using the molecular approach,
we were unable to detect these families despite the presence of their sequences in our
reference database. Conversely, we detected Trichoptera families which do not built cases

(Ecnomidae and Philopotamidae) in our biofilm samples.

The habitat and life forms of the studied organisms are also important factors to take into
account when one is working with environmental DNA. Understanding where and how
organisms live allows for a better interpretation of the results. As mentioned above, biofilms
may contain two different types of macroinvertebrate DNA signals: intracellular eDNA from
organisms living in the biofilm (e.g., Diptera larvae) and extracellular eDNA, which
corresponds to DNA released from the cells of organisms living in the area (inside the
biofilm, in the surrounding river habitats, in upstream habitats, etc.). It is probable that the
intracellular signal, with a large quantity of good-quality DNA, may predominate
extracellular eDNA, with a lower quantity of degraded DNA. A majority of the
Insecta_unclassified taxa molecularly detected in our study may correspond mainly to
intracellular eDNA from very small larvae of Diptera such as chironomids living in the
biofilms rather than to extracellular eDNA from individuals living in the area where the
biofilms were collected. However, a better taxonomical resolution, at least to the family level,
must be reached to elucidate the identity of these numerous Insecta_unclassified and

Diptera_unclassified sequences.
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The preference of particular taxa for some specific habitats and the drift of free DNA from
upstream can explain the differences observed between the morphological and the biofilm
molecular approach. Indeed, biofilms captured eDNA of the Odonata, Lepidoptera, and
Hemiptera orders in low abundances (< 1%). The detection of these taxa, which are known to
be absent from stones’ biofilms and to live in other habitats, suggests the capacity of biofilms

to entrap extracellular DNA.

4.3. Interest and originality of capturing eDNA from biofilms to study

macroinvertebrate communities

For ecological studies, the ability of molecular methods to detect very small organisms (sizes
smaller than 1 mm like very small Chironomus or insect eggs) living inside biofilms can be a
bonus compared to the conventional morphological approaches. These small organisms are
either impossible to identify or are not directly considered because they are not retained in the
sampling nets due to their small size. It is also important to consider that females of many
amphibiotic taxa (e.g., many Ephemeroptera) lay their eggs on the water’s surface. The eggs
are then passively spread by the water flow and settle in many areas of the river that are not
systematically representative of favorable habitats for larvae or nymphs (often leading to high

mortality at embryonic stage). As a result, biofilms’ eDNA can detect insects’ eggs.

Cnidaria were much more detected in the biofilm eDNA compared to the conventional
morphological approach (Figure 7). This phylum was represented by the genera Hydra and
Craspedacusta. Specimens from the Hydra genus were detected in 15 sampling sites using the
molecular approach (representing 23.5% of the total detected taxa) while only one individual
was observed in one site using the morphological approach. The Hydra genus encompasses

mainly freshwater polyps living attached to stones and their transparent body do not exceed 1-
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2 mm. They are hardly observable in binocular. Craspedacusta genus (representing 7.3% of
the total detected taxa) is frequently observed in freshwater at the jellyfish stage (planktonic)
rather than at the polyp stage (benthic) (Tachet et al., 2010). Hydrozoa reproduction may be
asexual or sexual, depending on the environmental conditions. Asexual reproduction is
carried out by budding, while during sexual reproduction, free-swimming gametes are
released into the environment. The release of genetic material into the freshwater environment
during reproduction may also explain the high abundance of eDNA of this taxon in biofilms
compared to bulk samples. The sensibility of the biofilm molecular approach to detect this
kind of taxa compared to the morphological approach (322 OTUs for Hydrozoa class vs 1

observation) is a significant advantage for diversity studies.

5. Conclusion and perspectives for the future

We showed that macroinvertebrate eDNA is present in biofilms and that biofilm molecular
OTU inventories provided structures and diversities that are comparable to those based on
morphological inventories. We also showed that the ecological assessment, based on the EPT
index, could also be assessed through the biofilm molecular approach. However, further
studies are now necessary prior considering biofilms as good surrogates for bulk samples for
river bioassessment. Furthermore, some optimizations will be necessary. Among these
optimizations, one should be the use of more specific primers targeting shorter barcodes to
sequence more easily degraded eDNA that may be captured in the natural biofilms. Another
optimization should be the development of a complete reference barcode library adapted to
the selected primers and to the study area. These optimizations will allow a more precise
detection of macroinvertebrate taxa (at least to the family level), especially EPTs, which are
key indicators of water quality assessment (Haidekker & Hering, 2008; Lorenz et al., 2004).

On the other hand, the relationship between sequence abundances and biomass or specimens’
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abundances has always been a critical problem for metabarcoding studies (e.g. Elbrecht et al.,
2017). Recent studies (Beentjes et al., 2018; Buchner et al.,2019; Fernandez et al., 2019)
showed that, for monitoring studies, biotic indices based on presence/absence data could be
applied with good results for water quality assessment. The use of presence/absence data
should bypass the need of abundance data and opens the path for the application of eDNA

metabarcoding for monitoring studies.

This exploratory study was dedicated to test the eDNA captation potential of biofilms for
macroinvertebrate river communities. Therefore, we did not test the link between this eDNA
signal in biofilms with environmental conditions. Yet, taxonomy-free approaches such as the
one developed by Tapolczai et al. (2019b) on diatom communities, which is connecting
directly environmental data to eDNA sequence data, may be a way to overcome some
limitations (e.g. reference database) and to predict ecological status directly from the eDNA

pattern of macroinvertebrate communities assessed from biofilms.

Finally, experiments under controlled conditions, including replicates and comparing the
molecular and the morphological bulk sample approaches to the biofilm molecular approach
are needed to better evaluate biofilms’ capacity to catch extracellular DNA. Biofilm
architecture should also be taken into account in further studies as it may modulate the
retention capacity of biofilms and thereby the captured eDNA signal. Even if many questions
still have to be addressed, the use of biofilms to capture eDNA of environmental communities

is promising and may not be limited to macroinvertebrates.
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Fig. 2 Overview of the reference library at the phylum, class, and order levels. Only dominant orders
are represented. Bar length and numbers give the number of sequences per order.
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Fig. 7 Relative abundances (%) of the phyla and the class taxa detected using the morphological approach
(left) and the biofilm molecular approach (right).



Tables

Table 1 Comparison of the five dominant taxa detected with the morphological (left) and the
biofilm molecular (right) approaches. For the biofilm molecular approach, the number of
OTUs for each taxon is presented in brackets

Morphological approach Biofilm molecular approach

Taxon Abundance (%) | Taxon (metabarcoding) Abundance (%)
Chironomus spp. 28.1 Insecta unclassified 34.5 [154]
Simulium spp. 11.6 Diptera unclassified 26.3 [17]
Tanytarsini spp. 12.2 Hydrozoa unclassified 10.1 [308]
Naididae_unclassified 6.1 Craspedacusta sowerbii 7.3 4]
Thiara scabra 6.1 Hydra sinensis 6.2 [6]




Table 2 Comparison of the morphological (left) and the biofilm molecular (right) inventories
at family level in terms of presence/absence. Shaded taxa corresponds to families from the
insect class.

MORPHOLOGICAL BIOFILM
ORDER FAMILY APROACH APPROACH
Amphipoda undetermined X
Anthoathecata Hydridae X X
Basommatophora Planorbidae
Curculionidae X X
Dytiscidae
Elmidae X
Coleoptera Gyrinidae
Helodidae
Hydraenidae
Hydrophilidae
Staphylinidae
Collembola undetermined
Cycloneritimorpha Neritidae X X
i X
Decapoda Atyidae
undetermined
Cecidomyiidae
Ceratopogonidae X
Chironomidae X X
_ Culicidae X
Diptera
Dixidae X
Empididae X
Ephydridae X

Limoniidae X




Psychodidae
Simuliidae
Stratiomyidae

Tipulidae

Ephemeroptera

Baetidae
Caenidae

Leptophlebiidae

Haplotaxida

Naididae

Hemiptera

Anthocoridae
Gerridae
Hebridae
Hydrometridae
Mesovellidae
Naucoridae

Vellidae

Hygrophila

Lymnaeidae

Physidae

Lepidoptera

Crambidae

unclassified

Limnomedusae

Olindiidae

Monostilifera

Tetrastemmatidae

Neritoida

Neritiliidae

Odonata

Coenagrionidae
Gomphidae
Libellulidae

unclasiffied




Oribatida

Oribatidae

Phyllodocida

Nereididae

Rhynchobdellida

Glossiphoniidae

Siphonophorae

unclassified

Sorbeoconcha

Thiaridae

Trichoptera

Calamoceratidae
Ecnomidae
Hydroptilidae
Leptoceridae
Philopotamidae
Pisuliidae
Polycentropodidae

Psychomyidae

Tricladida

Dugesiidae

Polychaeta_insertae sedis

Aeolosomatidae

Veneroida

Sphariidae
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