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Abstract

Our study of 164 diatom samples from Catalonia (NE Spain) is the first to evaluate the
applicability of DNA metabarcoding, based on high throughput sequencing (HTS) using a 312-
bp rbcL marker, for biomonitoring Mediterranean rivers. For this, we compared the values of a
biotic index (IPS) and the ecological status classes derived from them, between light
microscope-based (LM) and HTS methods. Very good correspondence between methods gives
encouraging results concerning the applicability of DNA metabarcoding for Catalan rivers for
the EU Water Framework Directive (WFD). However, in 10 sites, the ecological status class was
downgraded from “Good”/“High” obtained by LM to “Moderate”/“Poor”/“Bad” by HTS; these
“critical” sites are especially important, because the WFD requires remedial action by water
managers for any river with Moderate or lower status. We investigated the contribution of
each species to the IPS using a “leave-one-out” sensitivity analysis, paying special attention to
critical sites. Discrepancies in IPS between LM and HTS were mainly due to the
misidentification and overlooking in LM of a few species, which were better recovered by HTS.
This bias was particularly important in the case of Fistulifera saprophila, whose clear
underrepresentation in LM was important for explaining 8 out of the 10 critical sites and
probably reflected destruction of weakly-silicified frustules during sample preparation.
Differences between species in the rbcL copy number per cell affected the relative abundance
obtained by HTS for Achnanthidium minutissimum, Nitzschia inconspicua and Ulnaria ulna,
which were also identified by the sensitivity analysis as important for the WFD. Only minor IPS
discrepancies were attributed to the incompleteness of the reference library, as most of the
abundant and influential species (to the IPS) were well represented there. Finally, we propose
that leave-one-out analysis is a good method for identifying priority species for isolation and

barcoding.
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Highlights

DNA- and morphology-based diatom assessments of river ecological status are compared

Diatom DNA metabarcoding can be a reliable tool for WFD assessment of Catalan rivers

Sensitivity analysis shows which species drive ecological status assessments

Metabarcoding—morphology ecological status deviations are caused by a few key species

Metabarcoding shows some diatoms are seriously underrecorded in light microscopy

1.Introduction

The key role of diatoms in aquatic systems is well known and is due, amongst other things, to
their importance in food webs and biogeochemical cycles and their great contribution to
carbon fixation (Armbrust, 2009; Mann, 1999; Smetacek et al., 1999). In addition, their rapid
and specific response to environmental changes, great diversity and ubiquitous distribution,
and the well-known ecological preferences of many diatom species, have allowed the use of
benthic diatoms as biological indicators in biomonitoring programmes, including those for
European rivers (Kelly et al., 2008, 2009) demanded by Water Framework Directive (WFD;

Directive 2000/60/EC, 2000).

Several diatom indices have been proposed for ecological status assessment, most of them
being derived from the formula of Zelinka and Marvan (Zelinka and Marvan, 1961). One of the
most commonly used indices for benthic diatoms is the Indice de Polluosensibilité Spécifique
(IPS; Cemagref, 1982) which, like other widely used diatom indices, is calculated on the basis of
species’ relative frequencies, pollution sensitivity values (IPSS) and pollution tolerance values

(IPSV). However, the morphological identifications at species level needed for the calculation
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of these indices are a time-consuming task and require expert knowledge; furthermore, the
taxonomic boundaries are still not well defined in a large number of species and complexes,

hampering or even precluding their identification by light microscopy (Mann et al., 2016).

DNA metabarcoding [i.e. the identification of species through a short DNA region, coupled with
high-throughput sequencing (HTS)] of environmental samples, has emerged as an alternative
method to the classic light microscopical (LM) identifications, due to its speed, reproducibility
and cost (Kermarrec et al.,2014; Zimmermann et al., 2015). An increasing number of studies
have tested the applicability of this molecular tool for ecological assessment based on benthic
diatoms by comparing the ecological index values from DNA metabarcoding with those from
LM morphology (Bailet et al., 2019; Kelly et al., 2018; Kermarrec et al., 2014; Mortagua et al.,
2019; Vasselon et al., 2017b). Although results have been promising, it has been pointed out
that both species composition and relative abundance data obtained by the DNA
metarbarcoding may be biased by factors such as the incompleteness of the reference library
(Bailet et al., 2019; Rivera et al., 2018a), the DNA extraction method (Vasselon et al., 2017a),
the DNA barcode used (Kermarrec et al., 2013), the bioinformatics treatment (Rivera et al.,
2020), and the gene copy number per cell (Vasselon et al., 2018). These biases need to be
understood, especially their effect on the final IPS score, before the molecular method can be

used reliably for routine WFD biomonitoring.

For the management of European rivers covered by the WFD, incongruences between
methods become especially important when they cause the perceived ecological status of a
water body to change class (five classes are recognized: High, Good, Moderate, Poor and Bad).
The most important difference occur when morphological analysis (the current methodological
standard) assigns “Good” or “High” ecological status to a particular site but the molecular
approach assigns instead a “Moderate”, “Poor” or “Bad” status. This is because the WFD
requires action to be taken to improve those aquatic systems that do not reach at least “Good”

ecological status and this often has economic implications. We will therefore focus on these

4
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“critical sites” in the current paper (i.e. on those Catalan sites whose status alters from
Good/High in LM assessments to Moderate/Poor/Bad with DNA metabarcoding), while
accepting that a detailed analysis of movements across other status boundaries may also be of
interest and relevance to regulators. In particular, we analyse how different biases may
contribute to making the IPS score drop below the critical Good to Moderate threshold. There
has previously been some analysis of the extent to which particular diatom species contribute
to the final ecological status obtained morphologically (Almeida et al., 2014) and to deviations
in IPS values between the molecular and morphological methods (Bailet et al.,2019). In both
studies, the analyses were based only on relative abundances of species. However, since the
IPS value depends not only on the relative abundances of the species present in a sample, but
also on their pollution sensitivity values (IPSS) and tolerance values (IPSV), the contribution of
each species to the final IPS score for that sample should take all three parameters into
account. This will allow the real impact of each species on the final IPS score to be evaluated

and thus identify the main species that lead to IPS discrepancies between methods.

Therefore, this study of Catalan rivers (NE Spain) aims first to analyse the applicability of DNA
metabarcoding as a reliable tool for the WFD biomonitoring of Mediterranean rivers, through
the comparison of IPS values obtained from morphological and molecular inventories. The
second objective is a sensitivity analysis to quantify the contribution of the different diatom
species to the final IPS scores, by either the morphological or molecular method. This will
identify which species are driving IPS deviations between the methods, especially in the critical
sites that are classified as having unacceptable ecological status (i.e. sites that do not reach
Good ecological status) by the DNA metabarcoding approach but are assessed to be
acceptable (with Good or High status) using the classical morphological identifications. The
third objective is to determine the biases that underlie the differences found between
methods in those species identified as important for the WFD according to the sensitivity

analysis.
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2.Material and methods

2.1. Study site

The study area corresponds to the hydrographic area of Catalonia, which is divided into
internal and interregional hydrographic basins (Fig. 1). The former comprises a total of eleven
main rivers and extends across 16,423 km?(52% of the territory of Catalonia). Among these
eleven, the basins of the rivers Llobregat and Ter are the most extensive and occupy
approximately half of the total surface covered by the internal basins. The interregional basins
are shared with other Spanish regions and cover the Catalan sections of the rivers Ebro,
Garona and Xuquer, with a total extent of 15,567 km? (48% of the surface area of Catalonia).
For this study, 160 out of the total 164 samples were taken from rivers that belong to the
internal basins and the remaining 4 samples were collected from the Lower Ebro river (Fig. 1).
The rivers sampled are influenced predominantly by Mediterranean climatic factors, though
some of them are affected by continental or high mountain climates. This climatic diversity,
together with the varied geology and the irregular terrain characteristic of Catalonia, has led to
Catalan rivers being classified into 10 different types (ACA, 2010). On the other hand, Catalan
rivers are affected by various anthropogenic pressures, such as urban and industrial
wastewater discharges, urban and industrial land uses, agriculture, and hydromorphological
alterations.

2.2. Diatom sampling

All 164 sites were sampled for epilithon between April and July of 2017 following standard
procedures (CEN, 2014a). At each site, diatoms were collected from at least 5 stones by
brushing their upper surfaces using a toothbrush. The resulting samples were divided into two
aliquots, one of which was preserved with formalin or ethanol and used for morphological

analyses as part of the statutory monitoring and control program of the Catalan Water Agency
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(ACA). The second aliquot was preserved by adding >95% 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).

2.3. Morphological analyses

Samples were prepared for morphological analyses using light microscopy (LM) according to
WEFD standards for phytobenthos (CEN, 2014b). Briefly, the organic matter of the samples was
removed by chemical oxidation (e.g. by H.0,, HNOs or H,SO,4, depending on the consultancy
undertaking the analysis for the Catalan Water Agency) and cleaned diatom valves were
permanently mounted with Naphrax resin (Brunel microscopes, Chippenham, UK). Finally, at
least 400 valves were identified at species level under LM (using a 100x oil immersion
objective) and following mainly Krammer and Lange-Bertalot (1986, 1988, 1991a, 1991b) and

Lange-Bertalot et al. (2017).

2.4. DNA extraction and PCR amplification

A volume of 2 mL of each benthic sample was centrifuged for 20 min at 42C and 12,000 rpm.
Ethanol present in the supernatant was removed and total DNA contained in the pellet was
extracted using the commercial DNA extraction kit Macheray-Nagel NucleoSpin® Soil kit (MN-
Soil). 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). In order to prepare the HTS library using a 2-step
PCR strategy, a part of the P5 (TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG) and P7
(GTCTCGTGGGCTCGGAGATGTGTATAAGAGACA) lllumina adapters were included at the 5’ part
of the forward and reverse primers, respectively. PCR1 reactions for each DNA sample were
performed in triplicate using 1 uL of the extracted DNA in a final volume of 25uL. Conditions

and the reaction mix of the PCR1 followed the procedure described in Vasselon et al. (2017b).

2.5. High-throughput sequencing
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For each sample, the three PCR1 replicates were pooled and sent to “Plateforme Génome
Transcriptome” (PGTB, Bordeaux, France) where HTS library preparation and sequencing were
performed. For the sequencing process, PCR1 products were purified and used as template for
a second round of PCR2 with Illumina tailed primers targeting the half of P5 and P7 adapters.
The resulting 164 dual-indexed amplicons were pooled for sequencing on an Illumina MiSeq
platform using the V2 paired-end sequencing kit (250 bp x 2).

2.6. Bioinformatic analysis

The sequencing facility performed the contig and demultiplexing steps, providing a fastq file
for each of the 164 libraries. All the fastq files were then treated together following a
bioinformatics process based on Vasselon et al. (2017b), using Mothur software (Schloss et al.,
2009). Filtering steps excluded low quality DNA reads that had any of the following properties:
reads with lengths <250 bp, Phred quality score < 23 over a moving window of 25 bp, more
than 1 mismatch in the primer sequence, homopolymer > 8 bp, or with an ambiguous base.
Chimeras were removed using the Uchime algorithm (Edgar et al.,, 2011). The taxonomic
affiliation of the reads was determined using the database adapted for metabarcoding
“Rsyst::diatom_rbcl_align_312bp database” (Vasselon et al., 2018b), which is derived from the
curated diatom reference library Diat.barcode v7 (Rimet et al., 2019, available at

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

https://doi.org/10.15454/HYRVUH), and the naive Bayesian method (Wang et al., 2007) with a

confidence score threshold of 60%. Reads not assigned to the Bacillariophyta at the 60% level
were excluded from further analyses. A similarity distance matrix based on uncorrected
pairwise distances between aligned reads was generated (algorithm proposed by Needleman
and Wunsch, 1970) in order to cluster DNA reads into OTUs using the furthest neighbor
algorithm as implemented in Mothur; the distance similarity threshold was 95% as previously
described for rbcL diatom metabarcoding (Vasselon et al., 2017b). Singletons were then

filtered and samples represented by less than 3610 reads were removed from the analysis in
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order to conserve a sufficient sequencing depth to characterize diatom community structure.
In order to allow inter-sample comparisons, the remaining samples were then normalized to
the same read number using the smallest read abundance among them. Diatom molecular
inventories were obtained using the taxonomy of OTUs corresponding to the consensus
taxonomy of DNA reads with a consensus confidence threshold over 80%.

For brevity, we often use “HTS” to refer to the whole process of deriving ecological status
metrics by DNA metabarcoding, when contrasted with the process of obtaining them via light
microscopical counts of diatom valves (“LM”).

2.7. Ecological status class assignment

Ecological status was determined by applying the IPS (Cemagref, 1982), since it is the diatom
index adopted by Spain for the WFD, as well as by many other EU countries. For each site, the
IPS was calculated from species inventories (species composition and relative abundances)
obtained from both LM and HTS analyses, using OMNIDIA software v5.5 (Lecointe et al., 1993).
The WFD ecological status class was assigned by applying the following boundaries based on
the Catalan standards (ACA, 2010): High (17 < IPS < 20), Good (13 < IPS < 17), Moderate (9 <
IPS < 13), Poor (5 < IPS < 9), Bad (1 < IPS < 5). Those sites classified as Good/High by LM but as

Moderate/Poor/Bad by HTS are referred to as “critical sites”.

2.8. HTS correction factor application

Diatom species sometimes differ in the rbcL copy number per cell (depending on the number
of gene copies per chloroplast and the number of chloroplasts per cell) and Vasselon et al.
(2018) found a strong correlation between rbcl copy number per cell and cell biovolume. They
therefore suggested that a correction factor (CF) based on cell biovolume should be applied to
the proportions of reads before making comparisons with valve counts (morphology).
Accordingly, we applied Vasselon et al.’s (2018b) modified CFs (Rivera et al., 2020) to the HTS

reads in order to assess their effectiveness in improving the DNA-based ecological status
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assessments; the CFs were extracted from Diat.barcode v7 (Rimet et al., 2019). The IPS values
and the number of critical sites were compared between the LM inventory and both corrected

and uncorrected HTS inventories.

2.9. Evaluation of differences between morphological and molecular approaches and species

sensitivity analyses

The percentage of species identified by both methods was determined. The percentage of
species identified molecularly that were also identified by the morphological approach, and
the percentage of species identified morphologically that were also identified by the molecular
approach, were calculated in order to assess the effectiveness of the two methods in
identifying taxa. The percentages of the total morphological counts and total molecular reads
(of the total 162 samples) contributed by the species identifiable by both methods were also

calculated.

To compare IPS outcomes obtained by the two methods (morphology and DNA
metabarcoding), the percentage of sites assighed to the same ecological status class was
determined and the correlation in IPS values between the methods assessed by Pearson’s

coefficient. Special attention was paid to the critical sites.

For each of the 162 sites (this was the number of sites remaining after normalizing the data to
3610 reads), a sensitivity analysis to determine the contribution of each species to the IPS
value was performed by a “leave-one-out” method. The contribution was calculated as the
difference between the IPS value when the entire diatom community observed in a given site
was considered and the IPS value for that site once the particular species was left out (i.e. not
included in the IPS calculation). Therefore, for each of the species identified in each site, a
positive or negative value was obtained, indicating a positive contribution of the species (i.e.
the IPS value decreases when the species is omitted during calculation of the IPS) or a negative

contribution (i.e. the IPS value increases when the species is not considered), respectively.

10
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Calculations of species’ IPS contributions were done for both the morphological and the

metabarcoding approaches.

3. Results

3.1. Light microscopy

In total, 410 taxa were identified by light microscopy, of which 351 were identified at species
level. The number of species identified per sample ranged from 4 to 61, with an average of
27.3. The ten most abundant species, in order, were: Achnanthidium minutissimum, Nitzschia
inconspicua, Fistulifera saprophila, Amphora pediculus, Planothidium frequentissimum,
Achnanthidium pyrenaicum, Mayamaea permitis, Cocconeis euglypta, Craticula subminuscula

and Navicula gregaria (Supplementary Fig. 1)

3.2. Metabarcoding data

A total of 9,941,912 reads were obtained by MiSeq lllumina sequencing of the 164 samples.
After quality filtering steps 3,081,893 reads were retained and clustered into 708 OTUs with an
average of 78.2 per sample. The maximum and minimum numbers of OTUs per sample were
182 (comprised by a total of 21,654 reads) and 7 (comprised by a total of 14 reads),
respectively. To allow inter-sample comparisons, samples were normalized to 3610 reads,
representing the minimum number of reads per sample recorded after removal of 2 samples
comprising 2033 and 14 reads respectively. The remaining, rarefied data comprised a total of
584,820 reads clustered into 615 OTUs, with an average of 61.1 OTUs per sample, the
maximum and minimum being 137 and 10. The OTUs were assigned to a total of 148 taxa, of
which 138 were species, with an average of 30.9 species per sample and ranging from 5 to 55
species per sample (Supplementary data). 18.3% of the reads (corresponding to the 51.4% of
the total 615 OTUs) were not successfully classified at species level, the percentage of
unclassified reads per sample varying from 0.2% to 71.6%. The ten most abundant species
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were Achnanthidium minutissimum, Fistulifera saprophila, Planothidium victorii, Mayamaea
permitis, Cocconeis placentula, Melosira varians, Craticula subminuscula, Gomphonema

pumilum var. pumilum, Ulnaria ulna, and Nitzschia inconspicua (Supplementary Fig. 1).

3.3. Comparison between molecular and morphological inventories

Taken together, the LM and HTS approaches identified a total of 451 different species, of
which 103 (27%) were common to both. Only 29% of the 351 species identified by LM were
also identified by HTS, while 75% of the 138 species identified by HTS were also identified by
LM. However, when expressed in terms of valve numbers and reads, the agreement between
the two approaches was much closer: the species identified by both approaches accounted for
80% of the total valves counted by LM, 72% of the total reads recorded by HTS, and 88% of the

total reads recorded by HTS that were successfully assigned to species.

3.4. Ecological status comparison between approaches

IPS values obtained with the morphological inventory varied from 19.9 to 1.7 with an average
of 13.9, while IPS values varied from 19.7 to 1.75 with an average of 12.7 in the HTS analysis.
IPS values from both approaches were highly correlated (Pearson’s R = 0.90) (Fig. 2). 113 sites
(69.8%) were assigned to the same ecological status in both approaches and 49 sites (30.2%)

showed 1 class of difference (Table 1).

A total of 10 critical sites were identified since they were classified as Good or High (i.e.
acceptable ecological status) by the morphological approach but as Moderate, Poor or Bad (i.e.

unacceptable ecological status) by HTS (table 1).

When the biovolume CF was applied to the molecular data, IPS values varied from 19.8 to 2.3
with an average of 12.4. The correlation between IPS values obtained from morphology and
from CF corrected HTS was 0.92 (Pearson’s R), so slightly higher than without applying the CF.
However, the number of sites that shared the same ecological status decreased when the CF
was applied (106 sites, representing 65.4% of the samples) and the number of sites that

12
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showed 1 and 2 classes of differences increased slightly [51 sites (31.5%) and 5 sites (3.1%)
respectively]. Furthermore, and importantly, five new critical sites were obtained when CFs

were applied, resulting in a total of 15 critical sites.

3.5. Species sensitivity analysis

3.5.1. All sites

The analyses of species contributions to IPS revealed that in both approaches the species that,
on average, most negatively affected the IPS values were Fistulifera saprophila, Navicula
veneta and Mayamea permitis (Fig. 3; Supplementary data). Achnanthidium minutissimum was
the species with the most positive average IPS contribution with both HTS and LM, but the
species with the second and third most positive IPS contributions differed between
approaches: A. pyrenaicum and Amphora pediculus were the higher contributors in LM but

Planothidium lanceolatum and Cocconeis placentula in HTS (Fig. 3; Supplementary data)

Some other species, such as Nitzschia inconspicua, N. fonticola, Navicula gregaria,
Planothidium frequentissimum and Melosira varians sometimes contributed positively to the
IPS scores, sometimes negatively (Fig. 3; Supplementary data), depending on the whole diatom

assemblage in the sample.

A further group of species, Navicula reichardtiana, Achnanthidium rostropyrenaicum,
Cocconeis placentula var. lineata, Gomphonema lateripunctatum and Cocconeis euglypta,
made zero contribution to the IPS when this was calculated from HTS data due to the lack of

sequences of these species in the reference library (Fig. 3; Supplementary data).

Overall, the greatest contributions to IPS values were made by the most abundant species.
However, lower abundance species (< 5%) also made important contributions if their indicator
values were very high or very low. Furthermore, and more importantly perhaps, though it is
very easily overlooked, the contribution of these species (i.e. low abundance species, with very
high or very low IPSS) was influenced by the IPS score of the whole sample. That is, species
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with very low IPSS values made a relatively greater contribution in samples where the overall
IPS score was high (and the reverse was also true). An example is given by the sensitivity
analysis results for our samples 76 and 138. In sample 76, Achnanthidium minutissimum was
recorded (HTS) with a relative abundance of 3.66% and the sensitivity analysis showed a
contribution of 0.97 towards the overall IPS (HTS) score of 7.76. In contrast, in sample 138,
with an overall IPS score of 18.05 and in which A. minutissimum was recorded (HTS) in almost
the same relative abundance (3.77%) as in sample 76, the sensitivity analysis showed a much

lower contribution (0.07) of the species to the overall IPS score (Supplementary data).

3.5.2. Critical sites

Analyses of IPS species contributions (LM vs HTS) are shown in Fig. 4. These show that the
species most often responsible for causing sites to become critical was Fistulifera saprophila.
This species showed a clear discrepancy between its contribution to IPS values calculated from
LM valve counts and that from HTS reads. The species was recorded by HTS in all the critical
sites (10) and in 8 of them was found to be the first-, second- or third-ranked species (in 4, 2
and 2 sites respectively) for its negative contribution to the IPS (Fig. 4, left). However, with LM,
F. saprophila was recorded in only 4 of the critical sites and in only 1 of these 4 sites was it

ranked as among the four most negative contributors (it was the second).

Mayamaea permitis was also revealed as an important species for some critical sites. It was
recorded by HTS in all the 10 critical sites and was the first, second and third species that most
negatively contributed to the IPS score in 2, 1 and 3 sites respectively (Fig. 4, left). In the LM
analyses, although it was found in 8 of the 10 critical sites, it was the one that contributed

most negatively in only 3 sites.

Nitzschia inconspicua is also an important contributor to the low IPS values of critical sites but

mainly in the LM based assessments. The species was identified by LM in 8 of the 10 critical
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sites, and was the first-, second- and fourth-ranked species that most negatively affected the
IPS in 2, 1 and 2 sites respectively, while with HTS, although it was identified in 9 of the critical
sites, it was never amongst the 3 species that most negatively affected the IPS scores (Fig. 4,
left). Hence it cannot be crucial for making sites critical. Discrepancies between methods in the
contributions to IPS values in the species Pleurosira laevis and Craticula subminuscula were
relevant in determining 2 critical sites. Both were recorded as the first-ranked species that
most negatively contributed to IPS in one site by HTS, while they were never ranked amongst

the 3 species that most negatively affected the IPS by LM (Fig. 4, left).

Achnanthidium minutissimum was the species that contributed most positively to IPS scores
throughout, at both critical and non-critical sites. However, despite its important influence on
the IPS scores, it doesn’t seem that it played a crucial role in making sites critical. In the
molecular inventory, the species was ranked first or second in seven critical sites by LM and

eight by HTS (Fig. 4, right).

3.5.3. Critical sites resulting when applying CFs

The analysis of species contributions for the extra critical sites resulting when CFs were applied
revealed that F. saprophila and M. permitis were again the main species responsible
(Supplementary Fig. 2) as a consequence of the upsurge in their relative abundance after

applying CFs (Supplementary Fig. 1).

3.6. LM valve counts vs HTS reads for key species for WED biomonitoring

Comparing the relative abundance between LM and HTS (without CFs) of some of the most
abundant species with major effects on the IPS scores (as identified above), four types of

pattern could be identified (Fig. 5);

1) A tendency to be underrepresented by HTS. This was shown in Planothidium
frequentissimum and Nitzschia inconspicua, which were underrepresented in 97% and 90%
respectively of the total samples where the species was identified by both methods.
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2) The opposite tendency, overrepresentation by HTS, was shown in Ulnaria ulna. Of the total
of 162 samples analysed, LM recorded the species in only 36 (22%) samples, while it was
identified by HTS in 99 (61%). And in those samples where the species was recorded by both

methods, it was overrepresented by HTS in 17 samples (61%).

3) Little or no bias overall in the relative abundances between the methods. This is the pattern
shown by Mayamaea permitis and Achnanthidium minutissimum. For example, in the 108
samples where the species was identified by both methods, M. permitis was overrepresented
by HTS in 50% and underrepresented in 50%. It is worth highlighting that in 9 of the 10 critical
sites, M. permitis was overrepresented by HTS or not detected at all in LM. In the case of A.
minutissimum there was a slight tendency to be underestimated by HTS (in 65% of samples

where the species was identified by both methods).

4) The pattern shown by Fistulifera saprophila. On the one hand, there was a clear bias
towards HTS, the species being recorded by this method in 136 samples (84%) out of the total
of 162 analysed but in only 76 samples (46%) by LM. On the other hand, in the samples where

both methods recorded this species, the pattern seemed to be of underrepresentation by HTS.

4, Discussion

4.1. DNA based diatom metabarcoding is confirmed as a promising new tool for WFD

ecological assessment

Both the strong linear relationship between the ecological status results of both methods
(morphology-LM and molecular-HTS), and also the fact that the intercept is close to zero,
confirm the high potential of DNA metabarcoding as a new monitoring tool for the WFD
assessment of Catalan rivers using benthic diatoms. Recent studies have also demonstrated
this same potential for other regions of Europe (rivers in UK, France, Central Portugal and
Switzerland: Kelly et al., 2018; Rivera et al., 2020; Mortagua et al., 2019; and Visco et al., 2015)
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and elsewhere (Mayotte Island rivers: Vasselon et al., 2017b). However, our study is the first to
demonstrate the potential for rivers under a Mediterranean climate regime. Interestingly our

study found:

i) A higher percentage of species identified by both methods (i.e. shared species) than
recorded previously, viz. 26.7%, which compares with the 13% obtained in the
tropical island of Mayotte by Vasselon et al. (2017b; this low percentage could
perhaps be expected since the Diat.barcode reference library mainly covers
species or isolates from temperate regions), 15.7% in Rivera et al. (2018; though
this was not for a river but for lake Bourget) and 21.4% in Rivera et al. (2020; our

calculation from their data).

ii) These shared species accounted for a high percentage of total LM counts (80%) and

HTS reads (72%).

iii) A high percentage (48.62%) of all the OTUs were successfully assigned at species level
compared with those obtained previously in similar studies; for comparison, these
were: 50.7% by Rivera et al. (2020; our calculation from their data); 41% by Rivera
et al. (2018; for lake Bourget); 35.7% by Vasselon et al. (2017b); 32% by Mortagua

et al. (2019) and 30% by Keck et al. (2018).

iv) A very high correlation between the IPS values from both methods and also a high % of
samples assigned to the same ecological class. To our knowledge, the highest
correlation obtained in IPS values between methods is circa 0.83 (Pearson’s R;
Rivera et al., 2020) while ours is 0.92 after CFs and 0.90 without CFs (Pearson’s R).
Likewise, in the present work, the proportion of sites that fall into the same
ecological status class regardless of the method used is 69.8%, considerably
greater than has been obtained in other similar studies (Bailet et al., 2019;

Mortagua et al., 2019; Rivera et al., 2020 and Vasselon et al., 2017b).
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In spite of these good results, our analyses revealed differences between the methods that
noticeably affected both the IPS values and the ecological status assignations. Some of these
differences can be attributed to imperfections in the HTS approach, such as the current
incompleteness of the DNA reference database and the lack of a full understanding of the
relationship between cell numbers and DNA reads. Others, on the contrary, reflect biases in
the LM method that were previously hidden. We discuss both of these below, with special
reference to differences that affect the final ecological assessment, changing a site from High
or Good status to an unacceptable Moderate, Poor or Bad status, i.e. the differences

responsible for creating “critical” sites.

4.2. Key diatom species can be neglected by LM but evident from HTS

Our results suggest that it is the misidentification, overlooking or loss of several species by LM
that is the main source of IPS discrepancies between LM and HTS in critical sites. This was
clearly evidenced when looking at dissimilarities in both abundance and occurrence in
Fistulifera saprophila (Fig. 5); this species was not recorded at all in 4 out of the 10 critical sites

by LM whereas it was recorded by HTS in all of them.

Fistulifera saprophila is characterized by a low IPS-sensitivity value (IPSS = 2), leading to the
species contributing negatively to IPS (Fig. 3), especially in sites where it is abundant.
Therefore, overlooking this species by LM leads to a falsely high IPS value, explaining why F.
saprophila was identified as the most discriminative species for critical sites by the leave-one-
out method (Fig .4). Interestingly, Kelly et al. (2018) reported very similar discrepancies in F.
saprophila between the LM and HTS methods, with many sites registering no valves in LM but
moderate to high numbers of HTS reads (up to 50% or more). They attributed the
misidentification or absence of the species in LM to its weakly silicified frustules, which are
easily dissolved by the oxidising mixtures commonly used to prepare samples (Zgrundo et al.,

2013).
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Mayamaea permitis is another small, weakly-silicified diatom that can probably be missed
during counting, or lost during the preparation process. Overall, M. permitis was not
overrepresented by either LM or HTS when considering the whole inventory of samples, but
there was a noticeable tendency for it to be overrepresented by HTS in critical sites (Fig. 5),
which, by analogy with F. saprophila, could be explained if misidentification or loss of cells

occurred during LM assessments, hence contributing to misleadingly higher IPS values.

Another case of presumed misidentification by LM, this time partly because of taxonomic and
nomenclatural changes, was observed in Planothidium frequentissimum, which was
overrepresented in LM and indeed, scarcely recorded at all by HTS (Fig. 5; Supplementary Fig.
1). Our results suggest that P. victorii was frequently misidentified as P. frequentissimum
during LM counting, since the relative abundance distribution of P. frequentissimum in LM
agreed well with the corresponding distribution obtained for P. victorii in HTS (Supplementary
Fig. 3). In such cases it can be difficult to determine which method (LM or HTS) is likely to be
correct. However, in the present case, the sequences of P. victorii (and its taxonomic synonym,
P. caputium) available in the DNA diatom reference database (Diat.barcode v7; Rimet et al.,
2019) come from the same clones used to establish the species (Novis et al., 2012, Jahn et al.,
2017) and the sequences of P. frequentissimum available in the reference library are also likely
to have been reliably identified in the taxonomic revision by Jahn et al. (2017). Furthermore,
the genetic diversity of these species is apparently well covered (Jahn et al., 2017). Hence, the
IPS discrepancies found between the methods should be attributed, not to HTS identification
error, but rather to the difficulties in distinguishing between P. frequentissimum and P. victorii
in LM (due to the lack of easily seen morphological differences between them: Jahn et al.,
2017), and/or to the difficulties of keeping up-to-date in routine LM counts with all the
taxonomic changes being made (guides are often not affordable; the latest taxonomic changes
are not always included, etc.). The importance of correctly identifying P. frequentissimum by

either method lies in the fact that this species is relevant in determining Moderate ecological
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status because of its intermediate IPS sensitivity value (IPSS=3.4), which leads to a negative or
positive influence on the final IPS value, depending on the other species present (Fig. 3). P.
frequentissium and victorii also illustrate another problem that arises when there are two (or
more) taxa that are so similar morphologically that it is impossible to distinguish them during
routine LM. This automatically means that we cannot use LM to determine whether they do or
do not have the same ecological preferences; in fact, it will be only possible to determine the
preferences of such cryptic or pseudocryptic taxa through combining HTS surveys with
analyses of accompanying environmental data. Unfortunately, the Planothidium example is
not unique; there are several small but abundant freshwater species that are similarly difficult
or impossible to discriminate under LM, e.g. in Nitzschia (e.g. N. inconspicua and N. soratensis,
Trobajo et al., 2013), or in Amphora (Levkov, 2009). We are currently working on some of

these to establish whether the different species/OTUs differ in their ecological preferences.

F. saprophila, M. permitis and P. frequentissimum, therefore, are three examples where HTS
offers a more accurate or more complete identification than the traditional morphological
identification based on LM characters. These species are especially important for WFD
biomonitoring assessments, at least in our area, since they can be abundant and were
detected by our leave-one-out analyses as influential in defining different ecological status and
critical sites. Identification and counts of these species under LM could in fact lead to rivers
being wrongly classified as having acceptable WFD ecological status when their “real” IPS
might correspond to one of the unacceptable classes (and thus require remedial action by

water managers).

4.3. Pitfalls to be overcome

4.3.1 Gene copy numbers per cell daffect the estimates of abundance of important species for

WFD
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Variation between species in the average rbcL copy number per cell constitutes a major bias
that may explain incongruences between methods in the relative abundances of species and
therefore differences in IPS scores (Pawlowski et al., 2018; Vasselon et al., 2018). Of the
species strongly influencing IPS values in our dataset (Fig. 3) and showing differences in
abundance between LM and HTS (Fig. 5), three — Achnanthidium minutissimum, Nitzschia
inconspicua and Ulnaria ulna — are species whose gene copy numbers were estimated directly
using gPCR by Vasselon et al. (2018). Our findings are consistent with theirs, in that A.
minutissimum and even more so N. inconspicua, tend to be underrepresented with HTS and
have low copy numbers per cell, whereas U. ulna has a much higher copy number (10-35x the
copy number in the other two species according to Vasselon et al.’s data) and is greatly
overrepresented with HTS (Fig. 5). Copy number—related differences in these species are
potentially relevant for WFD assessments and A. minutissimum and U. ulna pose a risk of
making sites critical as they mainly affect sites classified by LM within the acceptable ecological
status and both will tend to lead to lower IPS values in HTS, A. minutissimum by
underrepresentation and U. ulna by overrepresentation. This is well illustrated by the great IPS
differences between methods in those sites where U. ulna was clearly overrepresented by HTS

(Supplementary data; sites 124, 136, 166 and 188).

As with Planothidium frequentissimum, the leave-one-out method revealed that Nitzschia
inconspicua (IPSS=2.8) showed a IPS contribution that shifted from positive (in sites classified
as having Good or High ecological status) to negative (in sites classified with Bad or Poor
ecological status), driving the IPS values towards Moderate ecological status (Fig. 3). The
importance for biomonitoring of the relative abundance discrepancies in this species (clear
underrepresentation of the taxon by HTS: Fig. 5) is that it will exaggerate the corresponding IPS
values either negatively or positively, depending on the starting point. In those sites where N.
inconspicua is abundant, the ecological status will be wrongly determined by HTS (relative to

LM) in two ways: a) in those sites classified by LM as having Good or High ecological status, the
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IPS will be increased even more (i.e. IPS values overestimated); and, in contrast, b) in those
sites classified by LM as having an unacceptable WFD level, the IPS will be lowered making
them even worse (i.e IPS values underestimated). Similar conclusions apply to Craticula
subminuscula, which showed a similar IPS contribution pattern to N. inconspicua (Fig. 3) and

was especially relevant for explaining one critical site (Fig. 4).

The effects of copy number, exemplified in A. minutissimum, N. inconspicua and U. ulna,
suggest that it could be important to apply biovolume-based correction factors, as
recommended by Vasselon et al. (2018), and such factors have been applied in the studies of
Vasselon et al. (2018), Mortagua et al. (2019) and Rivera et al. (2020). When we applied the
correction factor to our dataset, it led to a slight increase in the Pearson correlation coefficient
for the LM vs HTS IPS scores, as found by Rivera et al. (2020) and Mortagua et al. (2019).
Interestingly, the greatest reduction in the discrepancies between methods in the relative
abundances was observed for the relatively high-volume species, such as Ulnaria ulna and
Pleurosira laevis; the latter species was relevant for one critical site though in most of the
samples it had a relative abundance lower than 1% (in both LM and HTS inventories). However,
the benefits of CFs are mixed, since use in our dataset increased the number of critical sites
from 10 to 15, mainly due to the increase in the relative abundance of F. saprophila and, to a
lesser extent, M. permitis (Supplementary Fig. 3). This is to be expected because application of
CFs is based on the assumption that low biovolume species, such as F. saprophila and M.
permitis, generate fewer copies of the rbcL marker than larger species and will tend to be

underrepresented by HTS.

4.3.2. Gaps in the DNA reference library partly explain IPS discrepancies between methods

The good agreement between LM and HTS methods obtained in this study, in terms of the final
IPS score, was likely due in large part to the fact that most of the IPS-determining and

abundant benthic diatom species of the Catalan river basin district were represented in the
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DNA reference database used and could therefore be retrieved when the metabarcoding
approach was applied. This reference database, Diat.barcode v7 (Rimet et al., 2019), is
becoming widely used in diatom metabarcoding studies (Chonova et al., 2019; Mortagua et al.,
2019; Rimet et al., 2018 and Rivera et al., 2020) and is continuously curated by experts from
different countries. However, it is far from complete and this could potentially be a source of
IPS discrepancies between methods, if the missing species are sufficiently abundant and have a
strong indicator value. In our case, the taxa amongst the species recovered by LM with a
relative abundance greater than 1% that were not identified by HTS, due to the lack of
representative barcodes for them in the reference library, were Cocconeis euglypta,
Gomphonema lateripunctatum and Cocconeis placentula var. lineata (Supplementary Fig. 1).

Of these, C. euglypta was amongst the 10 species that contributed most to IPS (Fig. 3).

However, although the reference database includes most of the common and influential
species of the Catalan river basin district, it may nevertheless be a cause of differences
between LM- and HTS-based IPS scores, because the genetic diversity of some species may be
inadequately represented in the reference library, leading to underrepresentation in HTS. This
issue was suggested by Kelly et al. (2018) to explain underrepresentation of A. pediculus by
HTS in a UK rivers dataset; likewise, Vasselon et al. (2019) indicated that the genetic diversity
of Nitzschia inconspicua was not properly covered until the current version of the reference
library (Diat.Barcode v7, Rimet et al., 2019) was released. Hence, the improvements made in
successive versions of the reference library may in part explain the better results obtained in
our study, relative to previous work, since we used the current version 7 while other previous
studies based their bioinformatics treatment on version 6 or lower (Bailet et al., 2019;

Mortagua et al., 2019 and Vasselon et al., 2017a).

The last point we would make in relation to the reference database is that, at least within a

limited geographical area and/or a relatively narrow range of water types, the number of

|II

“influential” species that must be included to avoid biases in the ecological status assessment
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may often be quite limited, as we demonstrate here (Fig. 3) and as shown also by Kelly et al.
(2018, fig. 6.10). Hence, although adding any species and genotypes to the reference database
will always be useful, before isolating, culturing and Sanger-sequencing new clones it may be
worth carrying out an IPS sensitivity analysis of existing LM-based abundance data, to
objectively identify priority species for barcoding and hence avoid unnecessary work that may

have negligible benefit for WFD biomonitoring.

4.4. Next priority: reference sites

|II

This work has focused particularly on “critical” sites, due to their importance in the WFD.
However, also important for the WFD are the reference sites, i.e. sites little altered by human
pressures or lacking any human pressure (European Commission, 2016). Reference sites are a
key concept for WFD since the different ecological status classes are determined through
guantifying deviations from the biota that would exist in pristine conditions. In this study, only
19 reference sites were sampled and this is not sufficient for comparisons between methods
and drawing reliable conclusions. Though none of the 19 reference sites crossed the critical
threshold and 11 of them were classified by both methods as having high ecological status, 8
of them were downgraded to good status by HTS. A study of a larger dataset including more
reference sites is therefore crucial. With an increased number of samples, a sensitivity analysis,
like the one performed in this study, could be undertaken to identify species that tend to be
restricted to reference conditions and evaluate possible biases resulting from inaccurate
identification or quantification in either LM or HTS. In addition, sensitivity analysis could be
used to identify which species from reference sites are not currently included in the reference
library and should be considered as priorities for barcoding, due to their high relative
abundance and/or contribution to the index in these sites. Examples are Achnanthidium
rostropyrenaicum and Gomphonema lateripunctatum, which seem to be important for our
reference sites but are not represented in Diat.barcode and so were only identified by LM in

our dataset.
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Figure captions

Figure 1 a) Location of Catalonia (Spain) and b) river sites sampled in the internal (white) and

interregional (gray) Catalan hydrographic basins.

Figure 2. Correlation of IPS values calculated from LM (x axis) and HTS (y axis) inventories

considering the total 162 samples. Pearson’s coefficient (R) and p-value are given.

Figure 3. Species sensitivity analysis (left for LM data, right for the HTS data) calculated by the
“leave-one-out” method (see Material and Methods) showing the IPS contributions (X axes) of
the 35 most abundant species in the LM counts. Species are ordered according to the average
of the IPS contributions for the LM method, from the species with the most positive average
(top) to those with the most negative average (bottom). Samples are coloured according to the
ecological status class given by the whole diatom assemblage. Note that, for the HTS set, some
species (empty symbols) have zero contribution; this is because there are no sequences for
these species in the reference database. The IPSS and IPSV values for each species are given

after the species name (e.g. 5;1 for Achanthidium minutissimum means IPSS=5, IPSV=1).

Figure 4: Relative species contributions to the IPS value in the 10 critical sites (those sites
whose status alters from Good/High by LM to Moderate/Poor/Bad by HTS). For each species
the number of critical sites in which it was ranked the first, second, third or fourth most
important contributor to the IPS score (left negatively, right positively), as assessed by the
leave-one-out method, is given for both LM and (uncorrected) HTS. X axes: number of critical

sites.

Figure 5: Relative abundance comparisons between LM valve counts (x axis) and HTS reads (y
axis) for methods of selected species. Cross symbol in black correspond to critical sites and

circles in grey to non-critical sites. Species represented are the following: a) Fistulifera
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saprophila b) Mayamaea permitis c) Ulnaria ulna d) Achnanthidium minutissimum e) Nitzschia

inconspicua e) Planothidium frequentissimum

Table captions

Table 1. Comparison between ecological status classes obtained from HTS and LM approaches.
Cells in light grey represent the number of sites assigned to the same ecological status class by
both methods. Dark grey cell represents the number of sites that cross the critical threshold
between acceptable and unacceptable ecological status (i.e. those sites whose status alters

from Good/High by LM to Moderate/Poor/Bad by HTS).

Supplementary information

Supplementary Fig 1. Relative abundance (%) of the most common species (relative
abundances > 1%) recorded for the LM and (uncorrected and corrected) HTS inventories. *

represents those species not presented in the reference library

Supplementary Fig 2. Graphs comparing the species negative contributions to HTS-calculated
IPS scores when CFs are applied (grey) or without CFs (black) in the five extra critical sites
resulting when CFs were applied. Only the five species that most negatively contributed to IPS

without applying CFs are represented.

Supplementary Fig 3. Relative abundance (%)of Planothidium frequentissimum (only identified

with LM) and P. victorii (only identified with HTS) throughout the 162 samples examined.

Supplementary Data. Excel file containing HTS reads and IPS contribution of the species
obtained by the sensitivity analysis for both methods through the 162 samples analyzed. HTS

data was normalized to 3610 reads.
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Achnanthidium minutissimum
Nitzschia inconspicua
Fistulifera saprophila -
Amphora pediculus |
Planothidium frequentissimum
Achnanthidium pyrenaicum -
Mayamaea permitis
Cocconeis euglypta™

Cralicula subminuscula
Navicula gregaria
Gomphonema pumilum
Nitzschia dissipata

Navicula cryptotenella
Sellaphora minima
Planothidium lanceolatum 7
Cocconeis pediculus
Gomphonema Iaienpunc{arum*'
Cocconeis placentula var.lineata™ 1
Navicula veneta

Cocconeis placentula

Melosira varians 7|

Navicula tripunctata

Ulnania ulna 7

Gomphonema saprophilum 7
Planothidium victorii-|
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Relative abundance
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867  Supplementary Fig. 1
Sample 20
Fistulifera saprophila -
Gomphonema saprophilum _—
Mayamaea permitis =
Nitzschia palea] M
Nitzschia linearis{ N
0 -1 -2 -3
Negative contribution to IPS
Sample 67
Fistulitera saprophita] T
Mayamaea permitis | M
Gomphonema saprophilum |
Surirelia minuta{ B
Nitzschia sigmoidea !
0 -1 -2 -3
Negative contribution to IPS
Sample 160
X ]
Navicula veneta
Mayamaea permitis | M-
Fistulifera saprophila] ™
Nitzschia palea -
Gomphonema saprophilum =
0 -1 -2 -3
868 Negative contribution to IPS

869  Supplementary Fig. 2

870

Fistulifera saprophila
Navicula veneta
Nitzschia inconspicua
Craticula subminuscula

Tryblionella sp.

20 25

Sample 32

0 A 2 3
Negative contribution to IPS

Sample 123

Mayamaea permitis |
Mitzschia soratensis |
Navicula seminulum 7

Sellaphora minima

Fistulifera saprophila

0 -1 -2 -3

Negative contribution to IPS

HTS applying CFs
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872  Supplementary Fig. 3
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874

875

876

HTS inventory

Bad Poor  Moderate Good High
Bad 4 0 0 0 0
CE)" Poor 0 21 2 0 0
€
S Moderate | 0O 12 28 7 0
>
= Good 0 0 - 36 2
High 0 0 0 16 24
Table. 1
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