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Abstract

Our study evaluates differences in the distribution and ecology of genetic variants within
several ecologically important diatom species that are also key for Water Framework Directive
monitoring of European rivers: Fistulifera saprophila (FSAP), Achnanthidium minutissimum
(ADMI), Nitzschia inconspicua (NINC) and Nitzschia soratensis (NSTS). We used DADA2 to infer
amplicon sequence variants (ASVs) of a short rbcL barcode in 531 environmental samples from
biomonitoring campaigns in Catalonia and France. ASVs within each species showed different
distribution patterns. Threshold Indicator Taxa ANalysis revealed three ecological groupings of
ASVs in both ADMI and FSAP. Two of these in each species were separated by opposite
responses to calcium and conductivity. Boosted regression trees additionally showed that both
variables greatly influenced the occurrence of these groupings. A third grouping in FSAP was
characterized by a negative response to total organic carbon and hence was better
represented in waters with higher ecological status than the other FSAP ASVs, contrasting with
what is generally assumed for the species. In the two Nitzschia species, our analyses confirmed
earlier studies: NINC preferred higher levels of calcium and conductivity. Our findings suggest
that the broad ecological tolerance of some diatom species results from overlapping
preferences among genetic variants, which individually show much more restricted
preferences and distributions. This work shows the importance of studying the ecological
preferences of genetic variants within species complexes, now possible with DNA
metabarcoding. The results will help reveal and understand biogeographical distributions and

facilitate the development of more accurate biological indexes for biomonitoring programmes.

Keywords. ASV, environmental DNA, Water Framework Directive, rbcL, ecological preferences,

species distribution
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1. Introduction

Diatoms play a crucial role in aquatic systems due, amongst other things, to their importance
in food webs and biogeochemical cycling and their great contribution to carbon fixation
(Armbrust, 2009; Mann, 1999; Smetacek, 1999). They are also widely used as ecological
indicators in palaeoenvironmental studies and biomonitoring programmes. For example, in
European rivers, it is compulsory (within the European Union) to monitor benthic diatom
communities (Water Framework Directive [WFD], Directive 2000/60/EC, 2000) because of their
rapid and specific response to environmental changes, great diversity, and ubiquitous
distribution, and the availability of information on the ecological preferences of many species.
However, it has become evident in the last two decades that many of these species are
complexes of genetic variants (e.g. Pinseel et al. 2017; Souffreau et al. 2013). These often show
scarcely discernible or no morphological differences ( they are “cryptic”) and therefore it is
difficult or impossible to determine their geographical distributions and ecological preferences
using traditional methods based on microscopical identifications. Therefore, the significance of
this intraspecific variation is still not clear: although It is suggested that closely related diatoms
often share a similar ecology (Keck et al., 2016a, b, 2018b), it is also evident that they can

differ (Pinseel et al., 2017; Poulickova et al. 2008, 2017; Rynearson et al., 2006).

DNA metabarcoding has recently been developed for biomonitoring the ecological
status of rivers (e.g. Kelly et al. 2020; Mortagua et al., 2019; Pérez-Burillo et al. 2020; Rivera et
al., 2020; Vasselon et al., 2017b) and it has proved as well to be a reliable and efficient method
for surveying species diversity from environmental samples (Deiner et al., 2017; Malviya et al.
2016; Piredda et al., 2017). DNA metabarcoding also offers a way to study the significance of
genetic variants within species, especially following the development of bioinformatic
pipelines such as DADA2 (Callahan et al., 2017), which use a denoising algorithm to remove
sequencing artifacts and generate ‘amplicon sequence variants’ (ASVs); these are believed to

be real DNA sequences that were present in the original environmental samples. A recent
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example of using an ASV approach in diatoms was by Tapolczai et al. (2021), where they
assessed the responses of river diatom communities to agricultural land use in Hungary; in
some cases, they reported different ecological preferences among ASVs from the same
species. However, despite the clear potential of ASV-based metabarcoding approaches, there
do not appear to have been any studies to date that have used a large dataset to examine the

ecology and distribution of genetic variants and hence to elucidate their significance.

The aim of this work was therefore to study the distribution and ecological preferences
of different ASVs within selected species complexes of diatoms. For this we chose two groups
that are ecologically important and have been shown to be key for the WFD (Pérez-Burillo et
al., 2020): Achnanthidium minutissimum sensu lato (said by Potapova and Hamilton, 2007, to
be “one of the most frequently occurring diatoms in freshwater benthic samples globally”) and
Fistulifera saprophila. Both are very small-celled species that are difficult to treat
morphologically. In addition, we selected Nitzschia inconspicua, because Sanger sequencing
has already demonstrated a complex pattern of genetic and physiological variation within it
(Rovira et al., 2015), and N. soratensis, which is so similar to N. inconspicua in the light
microscope that identifying the two species and determining their ecological separation is
highly challenging (Kelly et al., 2015). More specifically, we asked 1) do genetic variants (ASVs)
within a species complex have similar geographical distributions within the study area? 2) Do
ASVs within a species complex have the same ecological preferences or do they differ? 3) If
there are differences in the ecological preferences of genetic variants within a species, do

these correlate with their phylogeny?

To answer these questions, we used a large molecular dataset extracted from
environmental samples collected in several river biomonitoring campaigns in contiguous areas
of France and Catalonia (NE Spain). For evaluating ecological preferences and the spatial
distributions of ASVs, we performed Threshold Indicator Taxa Analyses (TITAN) and Boosted

Regression Trees (BRT) analyses, since both methods have been successfully applied in
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morphological and metabarcoding studies addressing stressor-response and species
distribution models (Lanzén et al., 2020; Smucker et al., 2020; Soininen et al., 2018, Wagenhoff

et al., 2017).

2. Material and Methods

2.1 Study site and diatom sampling

The dataset used in this study consisted of 610 benthic diatom samples collected from both
Catalan and French biomonitoring networks. Samples were originally taken as a part of the
2017 Catalan biomonitoring programme and two French monitoring campaigns held in 2016
and 2017. The hydrographic area of Catalonia is divided into internal and interregional
hydrographic basins. The internal basins comprise a total of eleven main rivers, the basins of
the rivers Llobregat and Ter being the most extensive, and the interregional basins cover the
Catalan sections of the rivers Ebro, Garona (Garonne in French) and Xdquer. The French
monitoring network area corresponds to seven main basins (Adour—Garonne, Artois—Picardie,
Loire—Bretagne, Rhin—Meuse, Rhéne—Méditerranée, Corse, and Seine-Normandie) of which

the largest belong to the rivers Loire, Rhone, Seine and Garonne (Supplementary Fig. 1).

All Catalan sites were sampled for periphyton between April and July of 2017 following
standard procedures (CEN, 2014). French sites were sampled between February and December
and between February and October, for the campaigns held in 2016 and 2017 respectively,
and followed French NFT 90 354 (AFNOR, 2007) and European (CEN, 2014) standards. At each
site, diatoms were collected from at least five stones by brushing their upper surfaces using a
toothbrush. The resulting samples were preserved by adding > 90% ethanol (to a final
concentration of 70%) and used for DNA metabarcoding analysis following the
recommendations of the technical report of the European Committee for Standardization

(CEN, 2018).
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2.2 Physicochemical and biotic parameters

Physicochemical parameters that constituted the environmental dataset used for French and
Catalan river sites were obtained from the online “Naiades”

(http://www.naiades.eaufrance.fr/) and “SDIM” (http://aca-web.gencat.cat/sdim21/) water

quality datasets. Environmental parameters selected in this study were ammonium (NHz*;
mg/L), bicarbonates (HCOs™~; mg/L), calcium (mg/L), total organic carbon (TOC; mg/L),
conductivity (uS/cm), nitrates (NOs~; mg/L), orthophosphates (PO43~; mg/L), pH, sulphates
(SO4%7; mg/L), water temperature (°C) and altitude (m) (Table 1). The measures selected for
these parameters corresponded to the mean of all the records available for a period of 80 days
preceding and 10 days following the biological sampling. The diatom indices IBD (“Indice
Biologique Diatomées” ) and IPS (“Indice de Polluosensibilité spécifique”) were retrieved

respectively for French and Catalan rivers sites analysed.

2.3 DNA extraction, PCR amplification and high-throughput sequencing (HTS)

The procedures for DNA extraction, PCR amplification and HTS for French and Catalan rivers
are described in Rivera et al. (2020) and Pérez-Burillo et al. (2020), respectively. Briefly, DNA
extraction of French samples from the 2016 campaign was performed using GenElute TM-LPA
protocol, while the Macheray—Nagel NucleoSpin® soil kit (MN-Soil) protocol was followed for
DNA extraction of Catalan and French samples from the 2017 campaigns. A short rbcL region of
312 bp constituted the DNA marker and this was amplified by PCR using an equimolar mix of
the modified versions of the primers Diat_rbcL_708F (forward) and R3 (reverse) given by
Vasselon et al. (2017b). Four lllumina Miseq runs were performed for sequencing separately
the French (3 runs) and Catalan (1 run) samples. In order to prepare the HTS libraries using a 2-

step PCR strategy, half of P5 and P7 lllumina adapters were included to the 5’ end of the
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forward and reverse primers respectively. Adapter sequences used were
CTTTCCCTACACGACGCTCTTCCGATCT (P5) and GGAGTTCAGACGTGTGCTCTTCCGATCT (P7) for
French samples and TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG (P5) and

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACA (P7) for Catalan samples.

PCR1 reactions for each DNA sample were performed in triplicate using 1 uL of the
extracted DNA in a final volume of 25 pL. Conditions and the reaction mix of the PCR1 followed
the procedure described in Vasselon et al. (2017b) For each sample, the three PCR1 replicates
were pooled and sent for sequencing to “Plateforme Génome Transcriptome” (PGTB,
Bordeaux, France) or “GenoToul Genomics and Transcriptomics” (GeT-PlaGe, Auzeville,
France), where the PCR1 products were purified and used as template for a second round of
PCR (PCR2), with Illumina tailed primers targeting the half of P5 and P7 adapters. Finally, all
generated amplicons were dual indexed and pooled for sequencing on an Illumina MiSeq
platform using the V3 and V2 paired-end sequencing kits (250 bp x 2) for the French and

Catalan samples respectively.

The influence of DNA extraction methods on the diatom inventory produced by DNA
metabarcoding has been evaluated by Vasselon et al. (2017a). In this study, the authors
evaluated 5 different extraction methods, including the two methods used in our study. They
found some slight differences in relative abundance between methods for some particular
species, but the differences in community composition caused were far less than the
differences attributable to habitat. Importantly for the current analyses, the slight differences
did not affect species richness (“Regardless of taxonomic level (OTU or species), the taxonomic
composition of the community represented in the extracts was not affected by DNA extraction
methods...”: Vasselon et al. 2017a). Furthermore, (1) the taxa contributing more than >1% of
the dissimilarities between diatom communities obtained with the GenElute and MN-Soil
protocols did not include either Achnanthidium or Fistulifera (Vasselon et al. 2017a, Table 3),

and (2) all our comparisons were made among ASVs belonging to the same species complex
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and hence of diatoms with very similar physical characteristics (frustule shape, size and
robustness). Thus, we can expect that the different extraction methods used for the French
2016 and 2017 datasets will not have greatly affected either the presence/absence of ASVs
(especially since a high threshold of abundance was set for inclusion in the analyses) or relative
abundances across the combined dataset. Comparisons across wider ranges of species (e.g. all

Achnanthidium, all Navicula, etc) might have been more seriously affected.

2.4. Bioinformatic analysis

The sequencing facilities performed the demultiplexing of all the samples providing two fastq
files per sample, one corresponding to forward reads (R1) and one to reverse reads (R2). All
the demultiplexed Miseq reads were treated together using the R package DADA2, following
the method described by Callahan et al. (2016). Primers were removed from the R1 and R2
reads using cutadapt (Martin, 2011). The resulting R1 and R2 reads were truncated to 200 and
170 nucleotides respectively, based on to their quality profile (median quality score < 30) and
those reads with ambiguities or an expected error (maxEE) higher than 2 were discarded. The
DADA2 denoising algorithm was applied to determine an error rates model in order to infer
amplicon sequence variants (ASVs); ASVs detected as chimeras were discarded using the
function “removeBimeraDenovo” implemented in DADA2. Finally, the taxonomic affiliation of
the ASVs was determined using the database “A ready-to-use database for DADA2:
Diat.barcode_rbcL_312bp_DADA2” (Chonova et al., 2020), which is derived from the curated
diatom reference library Diat.barcode v9 (Rimet et al., 2019, available at

https://wwwé.inra.fr/carrtel-collection eng/Barcoding-database and at

https://data.inrae.fr/file.xhtml?persistentld=doi:10.15454/TOMBYZ/IEGUXB&version=10.0 ),

and the naive Bayesian classifier method (Wang et al., 2007); 50% was set as the minimum
confidence threshold (the default in DADA2). In this study we focused on ASVs that were
assigned by the pipeline to Nitzschia inconspicua, N. soratensis, Achnanthidium minutissimum

and Fistulifera saprophila. Of these, we retained for subsequent analyses only those with 2
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1000 reads and occurring in = 2 samples with environmental data available, in order to remove
rare ASVs and residual sequencing artifacts. The ASVs were numbered according to the rank
order of their abundance; so, for example, A. minutissimum ASV6 was the sixth most abundant

sequence in the whole dataset.

2.5. Phylogenetic analyses

Phylogenetic analyses were performed in order to 1) elucidate the phylogeny of the different
ASVs obtained from Nitzschia inconspicua, N. soratensis, Achnanthidium minutissimum and
Fistulifera saprophila, and 2) assess the taxonomic assignation obtained after executing the
bioinformatics analyses by examining the phylogenetic relatedness between the ASVs and
curated reference sequences from Diat.barcode v9 (together with some other, more recent

sequences present in GenBank: https://ncbi.nlm.nih.gov/). For this purpose, maximum

likelihood trees were constructed using ASVs and the reference sequences. A first tree
included reference sequences and ASVs classified into N. inconspicua and N. soratensis species,
while a second and a third used those ASVs and reference sequences classified into A.
minutissimum and F. saprophila respectively. All three analyses were performed using
raxmlGUI with the GRT-Gamma model, with 1000 replicates for the bootstrap analyses.
Reference sequences and ASVs used for building each of the three trees were previously
aligned using the Muscle alignment algorithm (Edgar, 2004) in MegaX software (Kumar et al.,

2018). All the three trees calculated were drawn using iTOL (https://itol.embl.de) (Letunic et

al., 2019).

2.6. Statistical analyses

2.6.1 Spatial variables
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In order to study spatial distribution patterns of ASVs, Moran’s eigenvector maps (MEMs) were
used on sampling sites’ latitude and longitude to generate explanatory variables that represent
spatial patterns at different scale and can be used in canonical analysis. (Dray et al.,2006).
MEMs are produced by the diagonalization of a spatial weighting matrix, which is obtained as
the Hadamard product of a connectivity matrix by a similarity matrix. The connectivity matrix
was based on Gabriel’s graph geometrical connection scheme due to the non-regular
distribution of the sampling sites (Legendre and Legendre, 2012). The R package adespatial

(Dray et al., 2020) was used for calculating MEMs.

2.6.2 Redundancy analyses

ASV abundance data were Hellinger transformed and all environmental variables except pH
were standardized following Xt = (X— 1)/SD. Variance inflation factors (VIFs) were calculated to
check the presence of collinearities among environmental variables and those variables with
VIF >10 were removed to avoid the impact of collinearity. Forward selection with two stopping
criteria (alpha significance level and adjusted coefficient of multiple determination, Blanchet et
al., 2008) was applied separately on environmental and MEMs sets of variables. Two
redundancy analyses (RDA) models were performed in order to analyse separately the
relationships between the selected environmental and spatial variables (MEMs) and the ASVs.
R packages adespatial (Dray et al., 2020) and vegan (Oksanen et al., 2020) were used for

performing forward selection and RDA models respectively.

2.6.3 TITAN analyses

Threshold indicator taxa analyses (TITAN) were conducted in order to characterize ASV-specific
responses for each environmental variable. TITAN handles multiple response variables (ASVs)
but only one explanatory variable (i.e. environmental variables) at each analysis and it detects

10
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change points, which are the values of the environmental gradient where the greatest change
in taxon abundance and frequency occurs within the observed samples. TITAN standardizes
the magnitude of responses as z scores in order to facilitate cross-taxa comparison. Z scores
reflect the type of response, positive (+ z scores) or negative (- z scores), of a particular taxon
(ASV in this case) along the environmental gradient and the sum of the z scores (sum z) gives
information about the assemblage responses, either negative (sum —z) or positive (sum +z),
along the gradient, the maximum z score occurring at the point at which change in assemblage
composition is greatest (Baker & King, 2010). We conducted TITAN analyses for each of the
environmental parameters and using ASV relative abundance. Number of permutations was
set to 250, number of bootstrap replicates used was 500, the minimum number of
observations required on each side of a candidate change point was 5 and the TITAN filtering
metrics of uncertainty “purity” and “reliability”, used to separate reliable responders from
stochastic noise along the gradient, were set to 0.95. Z scores obtained for those ASVs whose
responses fulfilled purity and reliability criteria for at least 4 environmental variables were
hierarchically clustered and visualized through heatmaps in order distinguish groups of ASVs
with similar response patterns for environmental data. For that, Euclidean distance and ward.
D functions (Ward, 1963) were used to compute dissimilarity distance and hierarchical
clustering respectively. On the other hand, Kruskal-Wallis (Hollander and Wolfe, 1973) tests
with post hoc Dunn’s test (Dunn, 1964) were performed to determine environmental data
statistically significant (p < 0.05) among the sites where species and ecological groupings
occurred. We used the implementation available in the R packages TITAN2 (Baker et al., 2019),
gplots (Warnes et al., 2020), stats (R core team, 2020) and dunn.test (Dinno, 2017) to conduct

the TITAN analyses, heatmaps, Kruskal-Wallis test and Dunn’s test respectively.

2.6.4 Boosted regression tress

11



277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

204

295

296

297

298

299

300

301

Relationships of the groups of ASVs, defined after TITAN analysis, with environmental variables
were additionally evaluated using boosted regression trees (BRT). BRT is a machine learning
model that uses a boosting algorithm to combine large numbers of decision trees for
improving model accuracy (Elith et al., 2008). BRT handles multiple explanatory variables
(environmental variables) but only one response variable (groups of ASVs in our case). It
estimates the relative importance of environmental variables on the basis of the number of
times that a variable is selected and the extent to which it improves the model (Friedman,
2001). Partial dependence plots generated by BRT show the marginal effect of each predictor
on the response variable while accounting for the average effects of the other variables used
in the model. Thus, these plots are useful for comparing the relationship and influence of each
explanatory variable on the response variable. BRT analyses were conducted using the
Bernoullli family of presence/absence ASVs reads, a bag fraction of 0.5, a learning rate of 0.001
and a tree complexity of 3. BRT models were evaluated using a 10-fold cross validation
procedure (i.e. 90% of data is used for training and 10% for validation). The dismo (Hijmans et

al. 2020) R package was used to perform BRT analyses.

3. Results

3.1 Metabarcoding data

30,251,272 reads were obtained by Miseq Illumina sequencing of a total of 610 samples from
Catalan and French rivers. After quality filtering steps 25,452,802 reads and 6403 ASVs were
obtained, of which 148, 83, 29 and 14 were classified into Achnanthidium minutissimum,
Fistulifera saprophila, Nitzschia inconspicua and N. soratensis, respectively. After filtering to
remove ASVs having < 1000 reads and occurring in < 2 samples with environmental data, the
molecular inventory of the four species consisted of 531 samples and a total of 75 ASVs, of

which 45, 18, 9 and 3 belonged, respectively, to Achnanthidium minutissimum, Fistulifera

12
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saprophila, Nitzschia inconspicua and N. soratensis (Supplementary table 1; Supplementary
data). We checked the 75 ASVs using MegaX and with reference to a matrix of available rbcL
sequences of diatoms. There was no evidence of sequencing artifacts, i.e. no indels, nor stop
codons, nor implausible amino-acids such as substitutions that have no parallel in other

diatoms or involve changes in the type of amino-acid (polar vs non-polar vs basic vs acidic).

3.2 Geographical distribution of ASVs within the study area

Most of the 20 most abundant ASVs from A. minutissimum (all with >10,000 reads in the
dataset) were widely distributed in both Catalan and French rivers, as shown in Fig. 1 and
Supplementary Fig. 2. However, despite their apparent ability to colonize sites across the
whole geographical region surveyed, individual ASVs seemed to show contagious distributions
(aka clumped distributions). For example, ASV70 dominated the A. minutissimum assemblage
in Mediterranean river sites from the south-central and north-east of Catalonia, but was much
less important than ASVs 6 and 7 over most parts of France, being an important ASV there only
in scattered sites, e.g. in Normandy and along the Loire (Fig. 1); ASV119 was an important
component at three sites located in the Pyrenees, but occurred also in the Jura and Alps
regions of eastern France (Fig. 1). Some of the 20 most abundant ASVs appeared to be
restricted to one or other country. Thus, ASVs 153 and 219 were only detected in Catalan
rivers (Fig. 1; Supplementary Fig. 2), and ASV269 only in French rivers (Supplementary Fig. 2).
Interestingly, one of the ASVs restricted to Catalonia, ASV219, was closely related — 1 bp
difference in the 263 bp alignment—to ASV7, which dominated the A. minutissimum
complement in the same central area of Catalonia where ASV219 occurred; likewise, ASV153
was generally found alongside or replacing ASV6 in central Catalan sites (Fig 1; Supplementary

Fig. 2), the two ASVs again differing by only 1 bp. Out of the 25 less abundant ASVs of A.

13
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minutissimum considered here, 11 were common in both countries, 3 ASVs were only recorded

in Catalan rivers and 11 were only in French rivers (Supplementary Table 1).

In Fistulifera too, some ASVs showed wide patterns of distribution. Eleven out of the
total of 18 F. saprophila ASVs were detected in both Catalan and French rivers and most of
them were recorded at numerous sites across the study area (Supplementary Figs. 3 and 4;
Supplementary Table 1), Nevertheless, contagion was obvious. For example, ASVs 16 and 74
dominated in Catalonia, though they also occurred in scattered sites in France, mostly in
eastern parts, while ASV43 showed no obvious pattern in Catalonia, but was restricted to the
upper regions of the Rhone catchment in France (Supplementary Fig. 3). Three ASVs were
recorded only in French rivers and four in Catalan rivers (Supplementary Table 1). ASVs
exclusively recorded in French rivers (ASVs 187, 198 and 233) were much more abundant than
those only recorded in Catalan rivers (ASVs 643, 823 and 983) and were widely distributed
within France (Supplementary Figs. 3 and 4; Supplementary Table 1). For example, while there
was a noticeable concentration of ASV233 in the Garonne catchment of SE France, this ASV
also occurred in scattered locations in almost all the other major French basins surveyed
(Supplementary Fig. 3). One of the ASVs occurring only in Catalonia, ASV643, was restricted to
just two sites in the NE, where it formed c. 50 to more than 75% of the Fistulifera reads
(Supplementary Fig. 4). Conversely, Fistulifera ASVs 823 and 983 occurred in 13 and 17 sites,
respectively, but were always rare (Supplementary Fig. 4; Supplementary Table 1). Fistulifera
ASV234 tended to dominate any assemblage where it was present and rarely occurred with

any of the other common ASVs (Supplementary Fig. 3).

In the case of N. inconspicua, 7 out of the 9 ASVs analysed were detected in both
Catalan and French rivers, most of them (ASVs 53, 56, 113, 273, 463) being broadly distributed
(Supplementary Fig. 5; Supplementary Table 1). The remaining 2 ASVs were detected in only
one country, but were represented there by 10 (ASV572 in France) and 8 sites (ASV615 in

Catalonia) respectively, and were not restricted to a single catchment (Supplementary Fig. 5;
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Supplementary Table 1); indeed, ASV572 spanned the whole of France, from the extreme
north to almost the most southerly site sampled (Supplementary Fig. 5). In France, ASVs 53
and 113 tended not to co-occur; for example, ASV53 picked out the course of the Loire but
ASV113 the Garonne. In Catalonia, the pattern seemed to differ, the two cooccurring quite
frequently (Supplementary Fig. 5). One of the rarer ASVs, ASV463, though only found at 14
sites (Supplementary Table 1), nevertheless occurred over a wide range, from the southern
part of Catalonia to the Jura mountains in eastern France (Supplementary Fig. 5). The 3 ASVs
identified as N. soratensis had a higher occurrence in French rivers, though all of them were
also identified in Catalan rivers (Supplementary Fig. 6; Supplementary Table 1). However, in
Catalonia ASV288 was found only at one site in the extreme north. There was no obvious

pattern in the geographical distribution of ASV94 and ASV117 in France (Supplementary Fig. 6).

3.3 ASVs identified in our study area in relation to previously sequenced haplotypes

The ASVs detected in our dataset extended the known genetic diversity of each species,
although the most abundant ASVs generally found a match among the Sanger sequences
already available. For example, of the five most abundant A. minutissimum ASVs, only one
(ASV70) represented a haplotype not in GenBank or Diat.barcode version 9 (Fig. 2) and this
ASV differed by only 1 bp from the most similar haplotypes. Likewise, the three most abundant
F. saprophila ASVs (ASVs 16, 43 and 48) all matched sequences already in Diat.barcode version
9 (Supplementary Fig. 7). Perhaps the most surprising ‘newcomers’ were ASV164 (24961
reads) and the clade of ASVs 156, 272 and 956 (together >42000 reads; Fig. 1), all within A.
minutissimum: none of these seem to have been found before, despite their high abundance

and wide distribution.

Among the matches between ASVs and Sanger sequences were several that were not

surprising, given the source of the clones previously sequenced. For example, in N.
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inconspicua, ASVs were found that were 100% similar to Sanger-sequenced clones isolated
from southern Catalonia; these were ASVs 615, 113 and 273, which are identical to N.
inconspicua genotypes G2, G3 and G4 of Rovira et al. (2015; see also Mann et al. 2021 for a
four-gene analysis) (Supplementary Fig. 8). In other cases, however, the ASVs extended the
range of a haplotype. For example, in the A. minutissimum complex, ASV253 was 100%
identical to Sanger sequences from eastern N America and Portugal, and ASV77 and ASV256
were each identical to clones isolated from Siberia (Fig. 2). The Sanger sequences themselves
provide a further example of a widely distributed haplotype, with 100% rbcL identity between
clones isolated from Montana and Hawaii (GenBank accessions KJ658384 and KJ658385). Of
the F. saprophila ASVs, ASV48 was 100% identical to sequences from Luxembourg and South
Korea (Supplementary Fig. 7), while N. inconspicua ASV463 was identical to a N. inconspicua

isolated from the tropical Indian Ocean island of Mayotte (Supplementary Fig. 8).

In contrast, some rbclL Sanger sequences in the four species were not represented in
our HTS dataset. These included a clade of three N. inconspicua haplotypes from the islands of
La Réunion and Mayotte, c. 1400 km apart in the Indian Ocean (from clones TCC474, 510 and
571; all were at least 10 bp different from any inconspicua ASV in our dataset); and two N.
inconspicua haplotypes isolated from saline habitats in S Catalonia (G5 and G6, from 31-40
PSU and 5 PSU, respectively: Rovira et al. 2015) (Supplementary Fig. 8). In Fistulifera a ‘tropical
clade’ of haplotypes from Mayotte and S Japan had no parallel in our dataset, nor F. alcalina,

recently described from Florida, USA (Supplementary Fig. 7).

3.4 Redundancy analysis

Given the non-uniform distributions of the ASVs of all four species in the study area, we
examined their occurrence and abundance in relation to environmental variables. Those

selected by forward selection (p < 0.05) were altitude, calcium, conductivity, HCOs~, pH, PO,3",
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50427, TOC and water temperature. An RDA model that included these variables explained 15%
of the constrained variance, the first two axes accounting respectively for 7.3% and 4.6%
(Supplementary Fig 9). 69 MEMs were selected by forward selection and an RDA model that
included these selected MEMs explained a total of 39% of the constrained variance, of which
the first and second axes accounted for 11.3% and 10% respectively. This indicates an

important degree of spatial structuring of the ASVs assemblages.

3.5 Responses to environmental data

3.5.1 Achnanthidium minutissimum (ADMI)

Z scores obtained by TITAN analyses performed on ASVs of Achnanthidium minutissimum were
hierarchically clustered and visualized through a heatmap plot. Three main groups of ASVs
ADMI EG1, ADMI EG2 and ADMI EG3 (= A. minutissimum Ecological Groupings 1, 2 and 3) could
be distinguished on the basis of the magnitude (given by z score) and type (either positive or
negative) of their responses (Fig. 3; Supplementary Table 2). ADMI EG1 constituted a group
formed by 7 ASVs which, shared a positive response to altitude, calcium, conductivity, NH,",
pH, SO4%" and a negative response to water temperature (Fig. 3; Supplementary Table 2). In
contrast to the positive response showed by ADMI EG1, the 7 ASVs that constituted ADMI EG3
group were characterized by an often negative response to altitude, calcium, conductivity,
NH4*, pH, SO4%™ and the response was especially strong for calcium and conductivity (Fig. 3;
Supplementary Table 2). Assemblage changes points to calcium and conductivity differed
between positive and negative responders (Supplementary Fig.10). Kruskal-Wallis and post-
hoc Dunn’s test indicated that the tree groupings were distributed at waters with significantly

different levels of calcium, conductivity, pH, NHs" and SO,* (Table 3).

BRT analyses indicated that calcium importantly influenced the occurrence of ADMI

EG3 and ADMI EG1 since for these groups it was the variable with the highest and second
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highest relative importance respectively (Table 2). As in the TITAN analysis, partial dependence
plots generated by BRT models indicated a positive relationship of ADMI EG1 with both
calcium and conductivity but a negative relationship of ADMI EG3 with both variables (Fig. 4).
These plots showed that the response to calcium and conductivity largely increased in ADMI
EG1 group from 0 to 120 mg/L and from 0 to 700 uS/cm respectively but decreased in ADMI
EG3 group from 35 to 55 mg/L and from 200 to 400 uS/cm respectively (Fig. 4). BRT models
explained 47% and 44% of the total deviance and 30% and 27% of cross-validated deviance for

ADMI EG1 and ADMI EG3 groups respectively.

In contrast to the ADMI EG1 and ADMI EG3 groups, the ADMI EG2 group, formed by 18
ASVs was characterized by a positive response to altitude and a negative response to NOs,
NH,*, PO437, TOC and water temperature (Fig. 3). The magnitude of response to altitude and

TOC was especially strong in some ASVs (Fig. 3; Supplementary Table 2).

BRT models indicated that altitude, conductivity, TOC and water temperature were the
four variables that most influenced the occurrence of ASVs in the ADMI EG2 group (Table 2).
Partial dependence plots showed a positive relationship of the grouping with altitude and a
negative with TOC and conductivity (Fig. 4). These plots depicted a large increase in the
response to altitude from 0 to 200 m and a decrease in the response to TOC from 1.5 to 5 mg/L
(Fig. 4). The BRT model based on the ADMI EG2 group explained 47% of deviance and 26% of

cross-validated deviance.

3.5.2 Fistulifera saprophila (FSAP)

According to the heatmap based on TITAN z scores obtained for ASVs of F. saprophila, three
ecological groupings were distinguished: FSAP EG1, FSAP EG2 and FSAP EG3 (Fig. 3). FSAP EG1
group was formed by 7 ASVs, most of them showing a positive response to calcium,

conductivity, NO3~, NH4*, pH, SO4%7, PO,3~ and TOC. Out of these variables, the strongest
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responses (high z scores) in the group were to conductivity, NHs" and PO,* (Fig. 3;

Supplementary Table 2)

FSAP EG2 was comprised by 4 ASVs and they were characterized by a negative
response to altitude, calcium and conductivity and by a positive response to TOC and water
temperature (Fig. 3; Supplementary Table 2). In contrast to the responses shown by ASVs from
FSAP EG1 and FSAP EG2 groups, the ASVs from FSAP EG3 group were characterized by being
the only ASVs of Fistulifera saprophila that responded negatively to SO4%-, PO,3~ and TOC (Fig.
3; Supplementary Table 2). With respect to S04~ and TOC, assemblage change points differed
between positive and negative responders (Supplementary Fig. 11). Kruskal-Wallis and post-
hoc Dunn’s test indicated that FSAP EG3 ASVs were distributed in river sites with statistically

different values of TOC, PO,3~, NOs™ and diatom indexes (i.e. IPS and IBD) (Table 3).

BRT analyses indicated that altitude and TOC importantly influenced the occurrence of
FSAP EG3, since these variables were respectively the first and second variables with the
highest relative importance. PO,3~ was the most important variable in FSAP EG1 models but
altitude in FSAP EG2 models (Table 2). Partial dependence plots showed that the response of
FSAP EG1 and G3 groups to TOC decreased from 1 mg/L to 4-4.5 mg/L TOC. After this gradient,
the response of FSAP EG1 to TOC largely increased from 4.5 mg/L to 5 mg/L whereas there was

not any response for FSAP EG3 after 4 mg/L TOC (Fig. 4).

These plots reflected a positive relationship of FSAP EG1 and FSAP EG2 with SO42" and
a negative one of FSAP EG3 with SO,%". This was observed in the increasing response of both
FSAP EG1 and EG2 (though intermittently in the former case) along the gradient between 0 to
500 mg/L and in the large decreasing response of FSAP EG3 from 0 to 20 mg/L (Fig. 4). Partial
dependence plots also indicated a negative relationship of ASVs from FSAP EG2 with altitude,
since the plot depicted a large decrease in the response from 200 to 600m (Fig. 4). In contrast,

the response increased from 0 to 400 m for the FSAP EG1 group, while in the case of FSAP EG3,
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the response increased from 0 to 600 m and partially and gradually decreased from 700 to
1030 m (Fig. 4). BRT models explained 53.4%, 40.8%, 41.7% of the deviance for FSAP EG1, FSAP
EG2 and FSAP EG3 respectively, and 37.2%, 24.3% and 21.6% of cross-validated deviance for

FSAP EG1, FSAP EG2 and FSAP EG3 respectively.

3.5.3 Nitzschia species

Based on TITAN analysisof Nitzschia inconspicua (NINC) and N. soratensis (NSTS), two
ecological groupings were defined (Fig. 5). All the 5 ASVs in the first group corresponded to N.
inconspicua species and they were characterized by a marked positive response to NO3~, NH,",
50427, PO43 and TOC and by a very strong positive response to conductivity. The second group
comprised all three ASVs from N. soratensis, which, unlike the N. inconspicua ASVs, showed a
negative response to calcium, conductivity, pH, SO4%7, the responses to the first two being
especially strong (Fig. 5; Supplementary Table 2). Sum z scores for calcium differed between
ASVs from NINC and NSTS (Supplementary Fig. 12). A Kruskal-Wallis test showed that both
species were distributed in waters with significant differences levels of calcium, conductivity,

NH4*, NOs', pH, PO,3", SO4% and TOC (Table 3).

BRT models were performed separately for the group of ASVs from N. inconspicua and
the group of ASVs from N. soratensis. These models highlighted the importance of calcium for
explaining the distribution of ASVs from N. soratensis, since it was the variable with the highest
relative importance in the model (Table 2). In the case of the ASVs from N. inconspicua, the
two variables with the highest relative importance were conductivity and PO,3™ respectively
(Table 2). Partial dependence plots (Fig. 6) indicated that the relationship of calcium with N.
inconspicua was positive but it was negative with N. soratensis. The models depicted an
increase in the response, though not continuously, from 10 mg/L to 150 mg/L for N.

inconspicua ASVs and a decrease from 50 to 70 mg/L for N. soratensis ASVs (Fig. 6). BRT

20



502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

models explained 52.8% and 48.4% of deviance and 38.3% and 27.9% of cross-validated

deviance in N. inconspicua and N. soratensis ASVs respectively.

3.6. Relationship between phylogeny and geographical—ecological groupings

Phylogenetic trees of the A. minutissimum complex showed very little correlation between the
phylogeny and the ecological groupings (Fig. 2), although bootstrap for the tree nodes was
low. Five out of the seven ASVs that comprised the ecological grouping ADMI EG3 were placed
in the major Clade B and all the ASVs from the ADMI EG1 and ADMI EG2 groupings that passed
TITAN uncertainty criteria, except for ASV156 and ASV164, were classified into a second major
clade (Clade C). More specifically, all the ASVs from subclade d and all the ASVS except ASV
219 from the subclade h of the major clade C, belonged to the same ecological grouping, ADMI
EG2. However, some important exceptions showed that preferences are not always clade-
specific and must be determined at the ASV level: thus, ASVs 156 and 272 belong to the same
clade and differ by just two base-pairs, but belong to different ecological groupings (2 and 3,

respectively).

In the case of F. saprophila complex, the ASVs from the different ecological groupings
were scattered across the phylogenetic tree, without following any clear pattern

(supplementary Fig. 7).

4. Discussion

4.1 High diversity within species is captured by a short rbcL barcode

RbcL metabarcoding has been successfully applied for studying diatom species diversity (e.g.,
Rimet et al., 2018, Stoof-Leichsenring et al., 2020) and is especially useful for species that are

difficult to identify based on their morphological characteristics, such as those studied here —
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A. minutissimum, F. saprophila, Nitzschia inconspicua and N. soratensis. An extra dimension is
given by the use of bioinformatics pipelines that generate amplicon sequence variants (ASVs)
as opposed to OTUs, since it is possible not only to identify species but also to detect and
quantify genetic diversity within them. Despite its short length, the 312-bp rbcL barcode we
used revealed substantial genetic diversity within the species studied, even when analysis was
restricted to the commoner ASVs, with > 1000 reads and occurring in at least 2 samples with
environmental data. These comprised 45 ASVs identified as belonging to the A. minutissimum
complex and 18 of F. saprophila. However, it must be underlined that the total numbers of
ASVs obtained for these two species were much higher: 148 for A. minutissimum and 76 for F.

saprophila when ASVs having < 1000 reads and occurring in < 2 samples are also considered.

Interpretation of the low abundance ASVs is not straightforward, because both PCR
and lllumina sequencing generate errors. Despite the variety of quality and filtering steps
implemented in the various commonly used pipelines for HTS data analyses (Bailet et al.,
2020), it is impossible to be sure in all cases which ASVs are real though rare genetic variants
and which are artefactual. Clearly this can introduce a major bias in biodiversity studies (Turon
et al. 2019; Tsuji et al., 2019). A partial solution in the case of rbcL, if no matching Sanger
sequence is available, is to see whether the same ASV is present in different datasets
generated in different lllumina runs. Another is to assess each ASV by reference to the amino-
acids encoded: changes that are unlikely, based on amino-acid substitution matrices (e.g.
BLOSUM-62: Styczynski et al. 2008) can be tentatively discarded as artifactual. In this study,
the most common sequence of A. minutissimum that must be artifactual is ASV2237, the 72nd
most abundant sequence assigned to the species and represented by 114 reads; this contains a
stop codon and so cannot be functional. However, the least abundant A. minutissimum ASV
analysed (ASV6401), represented by just one read in the whole dataset, had an amino-acid
sequence identical to that of 8 of the 10 most abundant ASVs and cannot be discounted as an

error. These results illustrate, therefore, the importance of assessing the validity of sequences
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even after denoising; it is dangerous to rely only on the abundances, since moderately
abundant sequences may nevertheless be artefacts. Conversely, rare sequences or even
singletons (i.e. sequences detected with only 1 read) are not necessarily artefacts but can be

reliable, as noted in other studies (e.g. Alberdi et al. 2017).

The reliability of DNA metabarcoding studies also depends on successful taxonomic
assignation of the sequences generated and for this it is important to choose an appropriate
confidence threshold. This issue has already been addressed in some studies (Rivera et al.
2020; Zizka et al., 2020) and in particular, for the short region of 312pb of the rbclL marker,
non-strict confidence thresholds have been demonstrated for benthic diatom biomonitoring
purposes (Rivera et al., 2020). We chose to set a similarity threshold of 50% (the default in
DADAZ2) in order to catch the maximum number of ASVs assigned to the studied species
because there is a risk of losing important ecological information when real ASVs are discarded
from a dataset, as has been shown in the taxonomy-free approach developed by Tapolczai et
al. (2021). In our dataset, although some of the ASVs’ taxonomic assignations had low
bootstrap support (i.e. the percentage of times that the sequence was classified into the same
taxonomy was low), phylogenetic analyses that included curated reference sequences
indicated that all the abundant ASVs used in this study were properly classified into the
relevant species complex. Our results indicate that it is advisable to use a non-strict similarity
threshold to capture high diversity, provided that other analyses can guarantee the reliability

of the taxonomic assignation.

4.2. Wide geographical distributions of ASVs suggest dispersal is not a major constraint

The spatial structuring of ASVs suggested by MEMs analyses is congruent with the fact that
different ASVs have different geographical distributions, which ultimately could imply dispersal

constraints or different environmental preferences, or both. Although individual ASVs tended
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to be abundant only in particular regions, in most cases the most abundant ASVs were
nevertheless found across more or less the whole region surveyed: only a few abundant ASVs
were restricted to one or other of France and Catalonia. Furthermore, in several cases the
ASVs matched Sanger-sequenced clones isolated from locations far from the study area, even
on different continents. It seems therefore that the ASVs of the species studied here are
dispersed quite effectively. Hence, when a ASV of the four species is not found in the France—
Catalonia dataset, there is a prima facie case that the appropriate environmental conditions do
not occur there, or at least, not in rivers. Examples are the Indian Ocean clade of N.
inconspicua (TCC clones 474, 510 and 571) and the tropical clade of Fistulifera. The species
considered here could therefore be argued to conform to the ubiquitous dispersal hypothesis
(e.g. Finlay, 2002), like some previous examples that have been sampled extensively, including
Sellaphora capitata (Evans and Mann 2009) and S. bisexualis (Mann et al., 2009), in which
identical or extremely similar haplotypes enjoy very wide ranges, despite evidence from
microsatellite data (in S. capitata) of genetic differentiation between populations separated by
only some 10s of km (Vanormelingen et al., 2015). In N. palea too, particular haplotypes have
extremely wide distributions (Trobajo et al., 2010), even though overall there is evidence of a
positive relationship between genetic and geographical distances (Rimet et al. 2014),

suggesting that dispersal is not fully effective in preventing genetic divergence.

Extra factors that need to be taken into account in interpreting the spatial structuring
observed in some ASVs are i) spatial structuring of key environmental variables and ii) the
possibility that important variables were not measured. Spatial structuring of the environment
was particularly obvious in the case of calcium, conductivity and sulphates, whose levels were
generally higher in Catalan rivers than French ones (Table 1). This could partly explain why
ASVs characterized by a strong positive response to calcium and conductivity often
predominated in Catalan rivers or were restricted there (e.g. ASV153; ASV219; ASVs from N.

inconspicua), whereas ASVs that showed a strong negative response were often better
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represented in France (e.g. ASV269; ASVs from N. soratensis). Unmeasured environmental
parameters - such as substrate composition, dissolved oxygen, turbidity, water flow, channel
width or metals concentration — may also be influential (cf. Castro et al., 2019; Dalu et al.,
2017; Keck et al., 2018a) accounting for the low amount of variance explained by the RDA

model built from environmental data.

Overall, our results support the idea that individuals can disperse over long distances
while stochastic events of colonization and extinction possibly combined with fine scale
environmental variation are likely to generate local patchiness, outlining the importance of

considering spatial scale when studying diatom biogeographical patterns (Keck et al. 2018a).

4.3 Ecological preferences differ among ASVs in A. minutissimum and F. saprophila.

Our findings evidence the existence of different ecological preferences among different
populations and lineages of both A. minutissimum and F. saprophila, and importantly, that
these preferences are correlated with variations in the short rbcL barcode. Clearly, base
substitutions in rbcL within species (most of which do not in fact affect the amino-acid
composition and structure of RuBisCO) are unrelated to the causes of ecotypic differentiation
in the four diatom species studied; they are instead useful markers that can be used in

metabarcoding datasets to explore the existence and distributions of ecotypes.

In both species we found that two of the ecological groupings of ASVs were clearly
separated by their opposite responses to calcium and conductivity, while in the case of F.
saprophila a third ecological grouping (FSAP EG3) showed a preference for waters with low
organic pollution. It might be argued that the type of response shown by this grouping
corresponds better, within the genus Fistulifera, to F. pelliculosa, since this species is
considered to occur from oligo to mesotrophic habitats (Lange-Bertalot et al., 2017). The

morphology of FSAP EG3 cells is of course unknown. However, the two ASVs from this
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grouping (i.e. ASV234 and ASV655) have probably been reliably assigned to F. saprophila since
phylogenetic analyses positioned these ASVs (which are not close relatives of each other)
within clades defined by curated reference sequences of F. saprophila (Supplementary Fig. 7).
We therefore treat the EG3 ASVs as belonging to F. saprophila. However, their ecological
preferences contrast starkly with the ecology often assumed for the species. Thus, Lange-
Bertalot et al. (2017) wrote that F. saprophila exhibits “large populations in heavily degraded,
highly eutrophic habitats with strong organic pollution up to polysaprobic conditions ... It is ...
one of the most pollution-tolerant diatoms.” A similar assessment was made by Gevrey et al.
(2004) and the IPS sensitivity value assigned by OMNIDIA (v5.5; Lecointe et al., 1993) is low
(IPSS=2). On the other hand, Lange-Bertalot et al. also noted that F. saprophila “can also be
found in moderately polluted water although in smaller numbers” and Zgrundo et al. (2013)
commented that the species is “a widely distributed taxon with broad ecological tolerances”.
Our data suggest that, if there is a ‘broad tolerance’, it may be because the species comprises
variants with contrasting requirements and tolerances, not because all F. saprophila can grow
across a wide range of water types. There are implications for biomonitoring, since the same
indicator values cannot be assigned to all the genetic varieties and metabarcoding assessments
should take this into account. The well-known tolerance of F. saprophila to a wide salinity
range, eutrophic conditions, and heavily degraded and organically polluted waters (Zgrundo et
al., 2013, Lange-Bertalot et al., 2017, Pniewski et al., 2010) must surely reflect the preferences
of the EG1 and EG2 groupings, not the EG3 ASVs. Moreover, the contrasting responses of the
EG1 and EG2 rbcL ASVs to conductivity suggest that the wide range of salinities recorded for
the species (e.g. Zgrundo et al., 2013) is also somewhat misleading, primarily reflecting

genotypic diversity rather than phenotypic plasticity.

In a lesser way, deviation from the ‘expected’ ecology was also observed in A.
minutissimum. Whereas one grouping of ASVs (ADMI EG3) was particularly restricted to low

nutrient concentrations (i.e. PO43", SO4%2~, NH,s" and NO3~), as might be expected from the
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characterization of A. minutissimum as an indicator of nutrient-poor, good quality waters (e.g.
Potapova and Charles, 2007, especially Appendix A), the other two groupings of ASVs tolerated
higher nutrient levels and would explain extension of the species complex into more nutrient-
rich waters, creating the impression of a broad ecological tolerance — hence the
characterization by Lange-Bertalot et al. (2017) “ecological amplitude apparently very wide”
(see also Potapova and Hamilton, 2007; Snoeijs and Balashova, 1998; Round, 2004). The idea
that A. minutissimum is a heterogeneous collection of lineages with different ecological
preferences is not new. For example, Potapova and Hamilton (2007) were able to distinguish
morphotypes within A. minutissimum and to associate them to some extent with different
preferences for conductivity, pH and nutrients. However, the morphological differences
between these variants (and between some of those documented by Pinseel et al., 2017), are
very subtle and distinguishing them in LM-based assessments is arguably impractical. The
metabarcoding approach not only aids identification but also allows vastly greater sampling of

A. minutissimum across natural communities.

Thus, our results for A. minutissimum and F. saprophila tell the same story, that while
overall the two species (i.e. all ASVs assigned to each of A. minutissimum and F. saprophila
taken together) have a very broad ecological tolerance, individual genetic variants (ASVs) do
not, and the perceived ecological preferences — and indicator value — of the species will differ

according to the types and relative abundances of the different ASVs present.

4.4 Ecological groupings of ASVs do not correspond well to phylogenetic groupings

The preferences we obtained for the ASVs are based on correlations between their relative
abundances in different samples and the environmental characteristics at the sites where the
samples were obtained, exactly as has been done previously with microscopical cell counts to

determine the preferences of morphologically defined species. These correlations likely reflect
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adaptations of the ASVs to different ecological conditions and ASVs that are closely related
phylogenetically might be expected to share similar adaptations and belong to the same
ecological grouping (Keck et al., 2016a, b, 2018b). Overall, we did not find very strong evidence
of a correlation between ecological and phylogenetic group, though there were some trend
that could be observed in some cases. For instance, in A. minutissimum, the more distantly
related ASVs generally belonged to the groupings that differed most (i.e. ADMI EG1 and ADMI
EG3). And in Fistulifera, ASV74, which tolerated a high conductivity level (c. 9.000 uS/cm), was
closely related to a sequence (HQ337547) from clone CCMP543, isolated from a brackish pond
(in Massachusetts USA; this clone is often kept in fully marine medium), and clone TCC809,
isolated from the River Ardo estuary in Portugal (Rimet et al., 2019). However, the F.
saprophila ASV recorded in the highest conductivity site in our dataset (c. 13.000 uS/cm) was
ASV445, which is not closely related to ASV74 and belongs to a clade whose other members

were recorded from freshwaters.

4.5. Nitzschia inconspicua and N. soratensis differ in their ecology but ASVs in each species

showed very similar preferences

Phylogenetic analyses show that Nitzschia inconspicua and N. soratensis are not close relatives
(Mann et al. 2021) but in the light microscope they are barely separable (Trobajo et al. 2013).
However, the value of differentiating between them in ecological and biomonitoring studies
has already been shown (Trobajo et al. 2013 and Kelly et al. 2015) and is further confirmed
here. Calcium and conductivity were the environmental parameters that most influenced the
occurrence of these species according to our data and the preference of N. soratensis for low
calcium and conductivity (see also Kelly et al. 2015) might explain why this species was

widespread in French rivers but scarcely detected in the Catalan ones.
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In relation to ecological preferences, we found no differentiation between the ASVs in
N. inconspicua or N. soratensis, in contrast to A. minutissimum and F. saprophila. For
inconspicua this was surprising because Rovira et al. (2015) showed that this ‘species’ is
paraphyletic and comprises several very distantly related lineages. Furthermore, their
experimental work showed different salinity responses among inconspicua genotypes (Rovira
et al., 2015). However, the absence of the ‘Indian Ocean’ haplotypes from French and Catalan
rivers (section 3.3) may suggest ecological differentiation from the European ASVs and hence
that the structure of the N. inconspicua complex is not unlike that in A. minutissimum and F.
saprophila, containing populations adapted to different ecological conditions. This can only be

studied using molecular markers via a metabarcoding approach.

Conclusions

Our results show how intraspecific and cryptic diversity can be assessed and understood
through the application of DNA metabarcoding, leading to improvements in the knowledge of
dispersion patterns, phylogeny and ecological preferences of species and infraspecific variants
(see also De Luca et al., 2021; Rivera et al., 2018; Wattier et al., 2020; Zizka et al., 2020). This
approach is particularly appropriate for species or species complexes that are difficult to
distinguish on the basis of morphological characteristics and whose preferences are therefore
still not well-defined. There are many further examples in diatoms that would benefit greatly
from this approach, such as the Cocconeis placentula complex (Lange-Bertalot et al., 2017) and

Planothidium species (Jahn et al., 2017).

In relation to the questions we posed for this study, it is clear that genetic variants
within Achnanthidium minutissimum and Fistulifera saprophila are not distributed evenly
across the study area and it seems that this is at least partly due to differences in their

ecological preferences. Our data indicate that the broad ecological tolerances and wide
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distributions claimed for some diatom species may well be the result of a continuum of
overlapping preferences among individual genetic variants, which can only be discriminated
using molecular markers. Importantly, however, there was little or no agreement between
ecological and phylogenetic groupings in A. minutissimum and F. saprophila, which shows that,
at least here, it is necessary to work at the lowest “taxonomic” level possible — ASVs — because
it cannot be assumed that clades of species and infraspecific variants share the same

ecological preferences and distributions.
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Figures caption

Fig 1. Spatial distribution of the 10 most abundant ASVs from Achnanthidium minutissimum in
French and Catalan rivers. Segments in each circle represent the proportion of A.
minutissimum reads recorded in each sample site.

Fig 2. Maximum likelihood phylogenetic tree of Achnanthidium minutissimum ASVs obtained in
this study and related reference sequences extracted from Diat.barcode v9 and GenBank. The
tree was obtained using raxmIGUI and a GRT-Gamma model with 1000 replicates for the
bootstrap analyses. The tree was drawn using iTOL. ASVs belonging to the different ecological
groupings defined after TITAN analyses are represented: EG1 in red, EG2 in green and EG3 in
blue. Black circles represent bootstrap support values of 50-100. Three major clades can be
distinguished (A, B and C) and a number of subclades (Ca to Cl).

Fig 3. Heatmap dendrogram based on z score obtained by the different TITAN analyses
performed on ASVs from a) Achnanthidium minutissimum and b) Fistulifera saprophila.
Euclidean distance and ward.D functions were used to compute dissimilarity distance and
hierarchical clustering respectively on ASVs z scores obtained for the different environmental
variables. Only those ASVs with more than 3 responses that fulfilled purity and reliability
criteria are represented. Red colour indicates positive responses while blue negative
responses. Magnitude of response (z score) are given by the contrast of the colour; dark
colours depict strong responses while light colours indicate weak responses. Chart in the
upper-left corner indicates the correspondence between colour gradient and z-score.

Fig 4. Partial dependence plots generated by boosted regression trees analyses depicting the
response of the ecological groupings of ASVs from Achnanthidium minutissimum to altitude
(m), Calcium (mg/L), conductivity (uS/cm) and Total Organic Carbon (TOC, mg/L) and ecological
groupings of ASVs from Fistulifera saprophila to Total Organic Carbon (TOC, mg/L), sulphates
(mg/L) and altitude (m). The different groups of ASVs were defined after TITAN analyses. Y axis
shows fitted function.

Fig 5. Heatmap based on z score obtained by the different TITAN analyses performed on ASVs
from Nitzschia inconspicua (NINC) and N. soratensis (NSTS). Only those ASVs with more than 3
responses that fulfilled purity and reliability criteria are represented. Red colour indicates
positive responses while blue negative responses. Magnitude of response (z score) are given
by the contrast of the colour; dark colours depict strong responses while light colours indicate
weak responses. Chart in the upper-left corner indicates the correspondence between colour
gradient and z-score.

Fig 6. Partial dependence plots generated by boosted regression trees analyses depicting the

response of ASVs from Nitzschia inconspicua and Nitzschia soratensis to Calcium (mg/L). Y axis
represents fitted function.
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Tables

Table 1. Physicochemical parameters information from the 531 river sites studied.

Number of sampling
sites with available
data

Number of
sampling sites with
available data

Number of
sampling sites with
available data

Average * standard

deviation of number of
records per sampling
site within the 90-day

Average t standard deviation
of number of records per
sampling site within the 90-

Range (average t standard

Range (average +
standard deviation) in

Variable (Catalan rivers) (French rivers) day period (French rivers) deviation) in Catalan rivers Erench rivers
period (Catalan rivers)

3.89-1243.97 (303.75+ 0-1933(255.7

Altitude (m) 531 148 383 NA NA 255.29) 314.39)
0.004 - 1.4 (0.07 +

Ammonium (mg/L) | 513 136 377 1+0.08 2.61+2.03 0.1-15.33(0.69+2.21) 0.13)
Bicarbonates 6.4—600 (184.37 +
(mg/L) 200 35 165 1+0.08 2.09+1.25 25-182(54.18 +39.11) 95.8)

2.5-673.33 (116.05 0.7-333(63.66 ¢
Calcium (mg/L) 335 148 187 1+0.08 23+1.81 93.83) 43.35)
Conductivity 99.5-13341.33 25.67 - 2377.67
(uS/cm) 336 136 200 1+0.08 3.85+3.25 (1054.61 + 1382.76) (341.23 +283.14)
Total organic
carbon (gmg/L) 514 136 378 1+0.08 2.69+2.33 0.5-10.65(3.47+1.85) 0-2715(2.46%167)

2.5-76.45(13.94 + 0.48-47.27 (7.49
Nitrates (mg/L) 502 123 379 1+0.08 2.63+2.12 13.55) 7.22)
Orthophosphates 0.01-2.53(0.16+
(mg/L) 515 136 379 1+0.08 2.57+£1.90 0.1-9.73(0.58 £1.09) 0.25)
pH 336 136 200 1+0.08 3.84+3.25 7.65-8.8(8.19 £ 0.23) 6.3-8.6(7.83+0.42)

4 -1500 (178.69 + 1-416(39.92 +
Sulphates (mg/L) 301 136 165 1+0.08 2.09+1.25 217.83) 57.1)
Water 7.13-24.5(18.12 ¢
temperature (2C) 330 130 200 1+0.00 4.26 £6.44 5-26(12.45+3.17) 3.99)
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Table 2. Relative importance (%) of each environmental variable resulting from the boosted regression tree models (with 10-fold cross validation of data) performed for the

different groups of ASVs of Achnanthidium minutissimum (ADMI), Fistulifera saprophila (FSAP), Nitzschia inconspicua (NINC) and Nitzschia soratensis (NSTS). Groups of ASVs
were defined on the basis of TITAN analyses.

Variable ADMI G1 ADMI G2 ADMI G3 FSAP G1 FSAP G2 FSAP G3 NINC NSTS
Orthophosphates 17.90 8.35 9.96 23.44 8.81 2.93 19.69 14.14
Calcium 13.81 5.01 21.75 8.57 5.20 3.89 4.77 20.49
Conductivity 11.89 11.79 7.43 16.28 4.38 3.83 27.49 14.14
Nitrates 8.50 6.41 13.35 8.57 7.98 7.93 13.68 12.35
Altitude 10.09 13.94 9.43 5.30 32.33 29.66 7.00 7.38
pH 8.38 10.03 1.52 2.98 4.66 1.72 2.87 6.85
Water temperature 10.79 22.27 6.88 6.25 11.22 9.14 5.04 3.77
TOC 5.90 12.80 12.12 3.52 7.34 20.79 4.28 8.98
Bicarbonates 7.38 2.26 3.63 6.05 8.05 6.14 1.53 5.24
Ammonium 2.93 4.72 10.89 11.43 7.24 5.89 3.32 3.36
Sulphates 2.45 2.41 3.03 5.46 2.75 8.24 10.28 3.24
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Table 3. Range, average and standard deviation environmental parameters analysed in the sites were different defined ecological groupings occurred. ?and ®indicate
species and ecological groupings with statistically significant differences (Kruskal-Wallis for Nitzschia inconspicua and N. soratensis and post-hoc Dunn’s test for groupings
from Achnanthidium minutissimum and Fistulifera saprophila, p < 0.05).

Variable

ADMI G1

ADMI G2 ADMI G3 FSAP G1 FSAP G2 FSAP G3 NINC NSTS
Orthophosphat 20.01-3.35 0.01- abQ,01-
es (0.23+0.39) 4.1(0.22*0.40) 2(0.13%0.22) 20.01-9.73(0.50%0.95) 20.01-4.3(0.280.54) 20.01-4.3(0.22:0.53) | 20.01-9.73(0.48%0.24) | 20.01-4.10(0.24*0.42)
28.25-605 21.90-477 21.55-379 (44.12 25.11- 28.25- 20.7-
Calcium (108.0976.54) (86.02+60.58) *55.97) 673.33(108.52+88.99) 23.2-477(81.41*69.77) | 4.1-266(85.29*47.23) | 673.33(111.02:87.92) 333(51.71*52.66)
230.67- 2b83.01- b30.67- 277.5- 225.66-
271.2-9371 2885(599.954479. 230-2885 13341.33(1077.06*1452. 248- 2377.67(556.84:480. | 13341.33(914.78%1254. | 2377.67(341.69+346.
Conductivity (842.55*874.67) 62) (271.09*335.46) 74) 2738(550.23+452.36) 72) 12) 34)
20.47-61.20 b0.47-76.45 30.47-53.50 20.95-
Nitrates (10.74%11.07) (8.86%9.68) (6.31:7.67) 20.95-76.45(11.88*11.23) | 20.5-61.2(9.36%8.57) | °0.5-36.90(6.98:7.21) | 76.45(11.54*10.81) | °0.5-53.50(6.947.27)
0- 0-
20-1476 b0-1933 (311.16 20-1243.97 20- 1042.78(183.22¢184.16 | 1243.97(189.91+235.
Altitude (323+282.69) +311.80) (193.38¥220.99) | 20-1200 (277.53*228.95) | 20-1933(150.48:196.97) | 1589(409.20*338.60) ) 5)
27.07-8.8 26.90-8.8 %6.3-8.6
pH (8.16%0.27) (8.05%0.34) (7.77%0.50) 27 21-8.8(8.15*0.28) 27-8.8(7.98%0.35) b6.80-8.6(8.030.30) | °7.33-8.8(8.11*0.28) | ?26.43-8.6(7.87%0.42)
Water a(5- a5- a6-23.9
temperature 24.02)13.473.7 | 24.35(15.03%4.52) (16.93%4.70) 26-26(13.63%3.72) 26-24.5(17.29+4.42) b5-23.7(14.184.11) 25-26(15.76*4.64) 26-24.35(17.28+4.56)
0.2- 20.6-13.71 2bQ,2-
TOC 8.5(2.60*1.58) | °0.2-15(2.49*1.66) (2.86%1.75) 20.2-15(3.25*2.00) b0.2-15(3.03*1.56) 10.65(1.95*1.56) 20.5-10.65(3.39*1.62) 20.6-15(3.00%1.71)
225- 26, 4-
345(169.65*102.8 bg.67- 600(117.61*127.6 221.25- b12.75- a13.33- 12.2-
Bicarbonates 9) 350(161.64:94.81) 4) 384(136.91*102.59) 350(139.7793.16) 384(199.47:81.13) | 25-600(148.66*109.90) | 384(125.9398.00)
20.01-4.8(0.17 20.004- 20.05-1.2(0.06 20.01-
Ammonium *0.39) 12.1(0.15%0.63) £0.11) 20.01-15.33(0.551.93) | 20.01-15.27(0.200.98) 12.10(0.231.23) 20,01-15.33(0.48+1.81) | 20.01-2.6(0.11%0.26)
23.73-1500 22.4-970 21.2-538.5 23.05- b2.80-
Sulphates (139.28:197.63) (96.11*137.11) (36.76'78.65) | P4-1500(154.22+212.57) | 970(103.71*151.58) 458(79.88104.84) | 24-1500(160.54*209.45) | 21-135(32.54*25.85)
6.19- 9.05-
19.95(13.88¢3.53 6.19- 19.65(15.233.42 abg,01- 6.52-
IPS ) 19.95(13.75*3.60) ) 26.19-18.89(12.42*3.16) | 6.52-18.57(12*2.99) 19.95(14.88*3.57) | 6.19-18.71(12.28%3.16) | 18.71(13.01*3.93)
210.9- °5.4- *8.2- 35,7-20(14.04+-3.33) | 5.4-20(13.62+2.81) 2bg 7.20(16.86*3.11) | 5.4-19.1(12.78%2.86) 5.4-20(13.33¢3.21)
IBD 20(17.05*2.47) 20(15.56*3.33) 20(15.02+2.82)
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