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Summary 

Diatoms have been one of the most studied groups of protists, partly because they are 

rich in morphological characters, relative to many flagellate and amoeboid groups, with 

a siliceous cell wall varying greatly in size, shape and patterning. They are also abundant 

in aquatic systems and important in biogeochemical cycles. They have applications in 

biotechnology and stratigraphy and, particularly relevant to this thesis, they are excellent 

biological indicators. However, estimates suggests that only a small proportion of the 

total number of extant species have been described so far and many aspects of their 

ecology remain unknown. One problem in ecological studies and biomonitoring is that 

they require identification of hundreds of individuals at the species level, which is time-

consuming task requiring expert knowledge and considerable microscopical skills. 

Furthermore there is increasing evidence of cryptic or pseudocryptic species, which differ 

in few or no discernible morphological characteristics; consequently their geographical 

distributions and ecological preferences will remain unclear until identification is 

practical. 

DNA metabarcoding (high-throughput sequencing [HTS] of a particular short marker) has 

recently emerged as an alternative to species identifications based on light microscopic 

examination (LM). This technology is transforming the way protist diversity can be 

studied, as thousands of DNA strands can be sequenced in parallel at once, allowing 

entire communities to be characterised from environmental samples in a relatively simple 

procedure, to complement the less extensive but richer data provided by microscopy. A 

key question, however, is the extent to which metabarcoding data faithfully reflect the 

natural communities from which they are derived. The answer to this question depends 

on a multitude of factors, including the genetic marker selected, the communities being 

studied, the molecular processing of the samples and the bioinformatics pipeline used, 

among others. All of these steps can introduce biases. 

The main objective of this thesis was to evaluate the potential and difficulties of using of 

DNA metabarcoding for the characterisation of some benthic diatom communities in 

freshwater and coastal environments. There is a special focus on the applicability of the 

method for Water Framework Directive (WFD) bioassessment of Mediterranean rivers, 

but we also address ecological and biogeographical questions. The work is organized 

into 5 chapters, 3 of them represent independent papers that have been published, 1 is 

under revision and 1 in preparation; these are: 1) Evaluation and sensitivity analysis of 

diatom DNA metabarcoding for WFD bioassessment of Mediterranean rivers. 2) 

Evaluation of two short and similar rbcL markers for diatom metabarcoding of 
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environmental samples: effects on biomonitoring assessment and species resolution. 3) 

Assessment of marine benthic diatom communities: insights from a combined 

morphological–metabarcoding approach in Mediterranean shallow coastal waters. 4) 

DNA metabarcoding reveals differences in distribution patterns and ecological 

preferences among genetic variants within some key freshwater diatom species. 5) 

Phylogeographical patterns in freshwater diatoms revealed by DNA metabarcoding of a 

short rbcL marker. 

Our results for WFD biomonitoring of Mediterranean rivers in Catalonia (NE Spain) builds 

on previous research, especially in France and the UK, and indicates that rbcL 

metabarcoding of benthic diatoms constitutes an efficient and reliable alternative to LM. 

One reason for this is that WFD ecological assessments in Catalonia are driven by a 

relatively small number of common species, for which rbcL data are available; i.e. the 

DNA reference library (essential for converting DNA data into relative abundances of 

named taxa) is adequate in this region, in contrast to some other regions, e.g. 

Fennoscandia. However, metabarcoding cannot be considered as an alternative to LM 

in coastal environments, because of the low coverage of marine benthic diatom species 

in the reference library. On the other hand, metabarcoding has especial advantages in 

coastal environments because of its ability to capture information on very delicate or 

small diatoms and diatoms that exist as endosymbionts in foraminifera and 

dinoflagellates. In addition, we found that a useful by-product of the rbcL metabarcoding 

protocol is records of other Ochrophyta and Chlorophyta that are co-amplified with 

diatoms; these can include rarely recorded groups and species. 

There are biases in metabarcoding assessments of diatom communities, relative to 

microscopical ones, which need to be taken into account when interpreting results. One 

bias is caused by interspecific variation in rbcL copy number per cell and this seems to 

have been a factor explaining some discrepancies in the relative abundance of species 

between LM and DNA metabarcoding in both freshwater and coastal systems. In one 

case, a major difference between outcomes was the result of failure of the LM approach 

to faithfully record the abundance of a diatom, Fistulifera saprophila, that is destroyed by 

harsh cleaning methods. We also investigated the relative advantages of two rbcL 

markers that have been proposed (263-bp and 331-bp target regions), finding that the 

choice has few implications for WFD biomonitoring programmes, but some implications 

for biodiversity analyses, because of the higher resolution of the 331-bp marker; this 

allows identification at the species level of certain genetic variants that cannot be 

separated by the 263-bp marker. In addition, use of the longer marker seems to be more 

efficient for classifying when using a naïve Bayesian classifier. 
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Combining metabarcoding and environmental data for Catalan and French rivers, we 

created a dataset to investigate whether different Amplicon Sequence Variants (ASVs) 

within species have the same or different ecological preferences, showing that in 

Achnanthidium minutissimum and Fistulifera saprophila, but not in e.g. Nitzschia 

inconspicua, ASVs could be separated into different ecological groupings, some of which 

deviated from the generally accepted characterizations of the species. 

We reanalysed available N American, European and Asian HTS outputs to assemble a 

large combined dataset of 263-bp Amplicon Sequence Variants (truncating any 331-bp 

ASVs to 263 bp). We used this to address ecological and biogeographical questions, 

finding high intraspecific heterogeneity in many cases. Four common phylogeographic 

patterns were distinguished, which correlate to some extent with biological 

characteristics: centric diatoms (which are predominantly oogamous and have multiple 

chloroplast per cell) tend to show lower intraspecific diversity than pennates. 263-bp rbcL 

variants from many species were widely distributed in Europe, North America, the Indian 

Ocean and Asia, supporting rapid dispersion of diatoms relative to rbcL divergence. We 

concur with other recent assessments of the huge opportunities offered by DNA 

metabarcoding, even in its current state, which will increase further with technical 

adjustments and roll-out of long-read technologies. 
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General Introduction  

 

From barcoding to metabarcoding 

The use of short DNA sequences for addressing the taxonomy of microscopic organisms 

was introduced several decades ago for species difficult to be distinguished on the basis 

of morphological characteristics (e.g. Arnot et al., 1993; Nanney, 1982; Pace, 1997; 

Woese & Fox, 1977). Later, Heber et al. (2003) advanced and standardized the use of 

the mitochondrial gene cytochrome c oxidase I (COI) as a DNA barcode for zoological 

taxa identification. DNA barcoding thus emerged as a technique capable of providing 

better taxonomic resolution than that achievable via morphology-based analyses. An 

ideal DNA barcode is variable enough to enable unambiguous species identification and 

it must be flanked by regions conservated enough for allowing primers matching. In 

addition, the DNA barcode should be phylogenetically informative to allow assigning 

undescribed species or species without a reference barcode to their corresponding 

taxonomic group (Valentini et al., 2009).  

In 2004, the field of molecular ecology experienced a revolution with the arrival of the 

first high-throughput sequencing (HTS) platform (454 Roche GS FLX System), since 

HTS technologies, also referred to initially as next-generation sequencing (NGS), enable 

the sequencing of thousands of DNA strands in parallel. Thus, the large amount of data 

generated makes it possible to address more and different ecological questions than 

ever before. The highest transformation has come when coupling HTS with barcoding of 

a particular marker, which is denominated DNA metabarcoding. This has broken the 

previous limitation of DNA barcoding based on Sanger sequencing technology which 

only allowed sequencing a single gene from a single individual in each run. Hence, DNA 

metabarcoding extends the range of DNA barcoding, from species identification to the 

characterization of whole communities from environmental samples and importantly, this 

is done in a relatively simple procedure.  

Since 2004, different HTS platforms have been developed and commercialized based 

on different chemistries, which has led to variations among platforms in read-length, error 

rate, economical cost, and run time (Morey et al., 2013). As sequencing cost has 

reduced, the affordability of HTS platforms has enhanced with Illumina’s technologies 

representing the highest reduction in cost and highest gain in throughput sequencing 

(Reuter et al., 2015).  This has transformed the way we study the diversity and ecology 

of species.   
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DNA metabarcoding in protists 

The protists are a paraphyletic group of eukaryotes that represents most of the 

microeukaryotic diversity already known. It integrates a vast variety of morphological 

forms (e.g. amoeboid morphologies, flagellates, ciliates or coccoid forms), and a wide 

range of nutrition modes (phototrophic, heterotrophic and parasitic) and size ranges 

(from microorganisms to macroscopic species). In addition, they are distributed in all or 

most of the earth's environments where they play important roles in biogeochemical 

cycles (e.g. Caron et al., 2012; Falkowski et al., 1998; Geisen et al., 2018). Despite their 

enormous ecological relevance, protists have traditionally been understudied compared 

to eukaryotic macroscopic organisms. In addition, it is particularly difficult to extract 

reliable data about their diversity and distribution since protists species are prone to be 

undersampled because of the prevalence of dormant stages, waiting for better conditions 

to become active, which leads to capturing only a fraction of the total diversity at each 

sampling time (Foissner et al., 2007). Additionally, the taxonomic classification of protist 

species is not simple and requires highly skilled personnel. 

The emergence of DNA metabarcoding has circumvented many of these problems. Its 

application in protists has allowed larger sampling efforts at a reduced cost while also 

achieving high sensitivity and taxonomic resolution (Santoferrara et al., 2020). Moreover, 

undersampling is less of an issue as both dormant and active stages can be captured. 

Although some obligate parasites or endosymbionts might still be undersampled 

because the host organism might correspond to the larger size fraction often removed 

during sampling (Burki et al., 2021); Alternatively, the host organism might have been 

lost after an aggressive sample treatment designed for specific groups with resistant 

cells (e.g. diatoms). On the other hand, and importantly, the bioinformatics classification 

of sequences derived by metabarcoding is commonly performed by automated 

approaches. This action itself does not require taxonomic expertise although it is true 

that the reliability of the classification depends on a reference library curated by 

taxonomists. All these reasons explain why since the birth of HTS technology, the 

number of studies applying DNA metabarcoding in protists has importantly increased 

(Pawlowski et al., 2016) providing new insights into their diversity, biogeographical 

distribution and functional diversity (e.g. Singer et al., 2021; Malviya et al., 2016).  

Nevertheless, some common biological and technical inconveniences can bias the 

effectiveness of DNA metabarcoding and consequently, the conclusions that are drawn. 

Particularly, false positives (i.e. the detecting of taxa that are not present in a sample), 

false negatives (i.e. discarding data that correctly record taxa present in a sample), 
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artefacts (e.g. non-real sequences mainly derived from sequencing or PCR errors) and 

defective estimates of relative abundance (mainly related to differences in gene copy 

number), are errors that can be generated as a consequence of a wide range of factors 

acting at any of the different steps involved DNA metabarcoding (i.e. from sampling 

design to bioinformatics analyses) (Santoferrara, 2019). In this regard, the choice of the 

DNA-barcode constitutes an important factor to be considered. The 18S rDNA gene has 

been widely used in protist DNA metabarcoding studies because, among others, it is 

easily amplified and its phylogenetic signal has been proved adequate across many 

different groups (e.g. de Vargas 1999; Hillis et al., 1991; Stothard et al., 1998) though, 

other barcodes have been tested and preferred for certain groups of protists and related 

groups (e.g. Hamsher et al., 2011; Nassonova et al., 2010; Saunders & Kucera, 2010). 

The effectiveness of a barcode for taxonomic identification, and thereby the dimension 

achievable by metabarcoding, not only depends on its phylogenetic signal but greatly 

relies on the degree to which a barcode is covered by a reference library. Among the 

protists, Baciillariophyta (i.e. diatoms) is probably the group that best represents the 

existence of both several DNA barcodes with sufficient phylogenetic signal and a curated 

reference library covering a significant proportion of the total number of described 

species.   

 

Diatoms: General characteristics and ecological interest 

Since C. A. Agardh coined the name “Diatomeae” in 1824 (Mann et al., 2016), diatoms 

have been one of the most studied organisms among the protists. Diatoms are unicellular 

diploid cells widely distributed in freshwater and marine systems where they represent a 

major component of the benthic and planktonic communities. The majority of diatom 

species are restricted to aquatic habitats but terrestrial specimens are also known. Most 

of the described diatom species are autotrophs, though some are heterotrophs (Lewin, 

1953) and others have been found as endosymbionts in, for example, some foraminifera 

(e.g. Lee, 2011; Pillet et al., 2011) and dinoflagellate species (e.g. Yamada et al., 2020; 

You et al., 2015). Diatoms comprise thousands of different species, with estimates of 

extant species ranging from 100.000 to 200.000 (Mann & Vanormelingen 2013). This 

immense taxonomic diversity is reflected in a wide variety of morphological forms, size 

ranges, ecological requirements and reproductive behaviours. Morphologically, diatoms 

are recognized by examination of their frustule, which constitutes the cell wall. Diatom 

frustules are characterized by a siliceous nature which makes them strong and resistant 

structures. According to the symmetry of the frustule and the presence or not of the raphe 

UNIVERSITAT ROVIRA I VIRGILI 
BENTHIC DIATOM METABARCODING: DEVELOPING NEW APPROACHES TO RESEARCH AND BIOMONITORING IN AQUATIC ECOSYSTEMS 
Javier Pérez Burillo



General Introduction 

21 
 

system (i.e. the organelle used for locomotion over surfaces), diatoms species have 

traditionally been divided into two major groups and three different classes: Centric 

(radial symmetry) and pennate (elongate forms with bilateral symmetry) constitute the 

two major groups and Coscinodiscophyceae (centric diatoms), Fragillariophyceae 

(pennate diatoms lacking raphe system or araphid) and Bacillariophyceae (pennate 

diatoms with raphe system or raphid) are the three differentiated classes (Round et al., 

1990). However, it is now evident that the Coscinodiscophyceae and Fragillariophyceae 

are paraphyletic groups (Theriot et al., 2010).  

One of the reasons that explain the great interest in diatoms nowadays is the fact that 

they have an enormous ecological relevance due to their important role in 

biogeochemical cycles and carbon fixation. Thus, they are responsible for 20 – 25% of 

the global carbon dioxide fixation (Mann 1999; Smetacek 1999). More particularly, in 

some coastal ecosystems, the benthic diatom community can contribute up to 80% of 

the total benthic production (Cox et al., 2020). In addition to their importance as primary 

producers, diatoms are a key component of trophic webs because they represent an 

important part of the diet of a wide range of grazers (e.g. from small protists to molluscs 

and annelids, Hamels et al., 2004; Lebreton et al., 2011). Nevertheless, despite their 

great ecological importance, many diatom species remain undescribed and this is 

especially evident in some ecologically relevant environments such as shallow coastal 

systems (Mann et al., 2016; Trobajo et al., 2004).  

In addition, benthic diatoms have traditionally been used as biological indicators in river 

biomonitoring programmes around the world because of their rapid and specific 

response to environmental changes and nutrient conditions, their great diversity and 

ubiquitous distribution, and the well known ecological preferences of many species (e.g. 

Bere & Tundisi, 2010; Dalu & Froneman, 2016; Kelly et al., 2008; Rimet, 2012). Another 

important factor that makes benthic diatoms excellent indicators in aquatic systems is 

the fact that diatom communities can integrate temporal variability in nutrient conditions 

over time, reflecting more accurately the health of systems than occasional nutrient 

measurements (e.g. Lavoie et al., 2008; Smucker & Vis, 2011; Snell et al., 2014). 
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Diatom barcoding as the basis of current DNA metabarcoding 

Identification of diatoms at the genus or species level is a time-consuming task that 

requires expert knowledge because of the wide range of morphologies existing in the 

group and the few, or even absent, discernible features existing between some species 

(e.g. Nitzschia inconspicua and N. soratensis; Trobajo et al., 2013). In addition, 

taxonomic boundaries are still not well defined for a large number of species and species 

complexes, hampering their identification by conventional methods (Mann et al., 2016). 

Moreover, taxonomic identification for some life stages, such as resting spores, 

sometimes is not possible (e.g. Kuwata & Takahashi, 1999). All of these explain why, 

even among trained personnel, disparities in taxonomic classification are common 

(Kahlert et al., 2009). These difficulties associated with morphological-based 

identifications represent a limitation for any study or work where diatom species-level 

identification is required and this is an issue considering the well-known key role of 

diatoms in aquatic ecosystems and their importance as bioindicators. Consequently, 

during the past decades, there has been a growing interest in the search for genetic-

based methods that could facilitate diatom taxonomic identification.  

Thus, efforts have been made to find DNA barcodes with sufficient discriminatory power 

to, on the one hand, distinguish among species more easily and, on the other hand, to 

define species boundaries that help in species limitation. In this context, several 

barcodes have been tested in diatoms species and, among these, the fast-evolving 

markers ITS-1, ITS-2 (subunits 1 and 2 from the internal transcribed spacer) and COI 

(cytochrome oxidase subunit 1) have been investigated, each one with particular benefits 

and inconveniences. More specifically, the higher nucleotide divergence of the ITS 

region has proved that both ITS-1 and ITS-2 markers are suitable for discrimination 

among closely related species and some semi-cryptic species (e.g. Amato et al., 2007; 

Behnke et al., 2004; Vanormelingen et al., 2008). However, intragenomic variation in the 

ITS region has been observed for some diatom species (Behnke et al., 2004) causing 

low-quality or unreadable sequences during direct sequencing when different copies are 

well-represented (e.g. Trobajo et al., 2009). In addition, the alignment of ITS sequences 

is not very simple and this is important for practical reasons if the objective is species 

identification or species discovery (Mann et al., 2010). All of these have undermined the 

importance of ITS for diatom DNA barcoding. COI has also shown sufficient genetic 

variability for successfully differentiating among species from some groups (Evans et al., 

2007) and, it shows two main advantages over ITS: 1) No intraindividual variation has 

been reported in this marker and 2) its alignment is straightforward since it is a protein-

encoding gene. However, the amplification success of COI is reduced for some species 

UNIVERSITAT ROVIRA I VIRGILI 
BENTHIC DIATOM METABARCODING: DEVELOPING NEW APPROACHES TO RESEARCH AND BIOMONITORING IN AQUATIC ECOSYSTEMS 
Javier Pérez Burillo



General Introduction 

23 
 

leading to missing data for some lineages that are easily identified by other markers 

(Trobajo et al., 2010). Thus, COI can be appropriate for certain diatom groups but 

inefficient for others.   

The hypervariable V4 region of the 18S rRNA and the rbcL gene (coding for the large 

subunit of the ribulose-1,5-bisphosphate carboxylase oxygenase) are two markers that 

show a lower nucleotide divergence than COI and ITS (Evans et al., 2007; Guo et al., 

2015). Nevertheless, they are the most widely used markers to date because they 

contain sufficient variability for discriminating among species, though with exceptions, 

and both are relatively easily amplified (e.g. Zimmerman et al., 2010). One of the 

drawbacks of rbcL is that it is not valid for diatom species that lack functional plastids, 

but there are very few of these cases (e.g. Nitzshia alba). By contrast, the main 

advantage of the rbcL over the 18S V4 is the fact that rbcL sequences are more easily 

to be aligned since it is a protein-encoding gene which, a part of practical reasons, 

facilitates the detection of sequencing artefacts by amino acids examination (Mann et 

al., 2010).  

The efforts put over the past years into studying, through DNA data, the ecology, 

taxonomy and phylogenetic relationships of diatoms have not only increased the 

knowledge of these aspects but also have made it possible to generate a curated 

reference library of barcodes (Diat.barcode, formerly called R-Syst::diatom; Rimet et al., 

2016, 2019). In addition, the Thonon Culture Collection (TCC) and the UK barcoding 

project (funded by the UK Environment Agency) have provided another important source 

of data for filling the reference library (Rimet et al., 2016, 2019). This has promoted the 

use of DNA metabarcoding of environmental samples for different purposes; from 

biodiversity and biomonitoring assessments to the study of species biogeography and 

ecological preferences 

 

Diatom DNA metabarcoding for WFD biomonitoring 

Diatom indices used in routinely biomonitoring programmes require species-level 

identifications and due to the difficulties associated with classical light-microscope 

examinations, DNA metabarcoding has been considered an alternative method for use 

in biomonitoring programmes. Prior studies using 454 sequencing platforms already 

demonstrated the high potential of diatom metabarcoding data for biomonitoring 

purposes (Kermarrec et al., 2013, 2014). At this stage, the method was mainly limited by 

the reference library. In this context, very important was, as mentioned in the previous 

section, the UK diatom metabarcoding project (Kelly et al., 2018, 2020) and the Thonon 
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Culture Collection (TCC). Other initiatives such as the EU COST Action DNAqua-Net 

(CA15219) have also contributed to making progress toward the application of genetic 

tools in biodiversity assessment and biomonitoring programmes of European aquatic 

systems (Leese et al., 2016). As a result of all these initiatives, Diat.barcode currently 

covers most of the frequently monitored benthic diatom species in European rivers 

(Weigand et al., 2019 – note that the coverage of the current version of Diat.barcode is 

higher as the cited work was based on a previous version, except for those in the far 

north).  

DNA metabarcoding of short markers can already be considered as a realistic alternative 

for WFD biomonitoring in some countries, as has recently been demonstrated in a 

number of studies (e.g. Kelly et al., 2020; Mortágua et al., 2019; Rivera et al., 2020). 

However, before our work (Pérez-Burillo et al., 2020) no exercise had yet been done to 

test the applicability of DNA metabarcoding for a large set of Mediterranean rivers. 

Mediterranean rivers are characterized by a highly variable flow regime with heavy 

rainfall and flooding in winter and drying periods in summer (Pardo & Alvarez, 2006). 

This natural variability partly explains that Mediterranean ecosystems are one of the most 

important hot spots of biodiversity in the world (Blondel et al., 2010; Tierno de Figueroa 

et al., 2012). Nevertheless, such variability is being enhanced further by human activities 

leading to higher flow intermittency and more frequent periods of drought. This alters the 

structure and functioning of Mediterranean rivers (loss of tridimensional connectivity and 

increase of lentic habitats) which ultimately impact the biota occurring in these 

environments (Bonada et al., 2006; Falasco et al., 2016; Sabater, 2008). Therefore, it is 

important to have reliable and cost-efficient tools, such as DNA metabarcoding, for 

monitoring diatom communities that can inform about the different stressors endangering 

freshwater ecosystems in Mediterranean areas.  

There is an interest in assessing the applicability of DNA metabarcoding covering an 

area that harbours a variety of indicator species since it is crucial to understand to which 

extent the different biases affecting the method might be leading to an unreal 

representation of species meaningful for the WFD. The biases affecting the applicability 

of DNA metabarcoding for biomonitoring programmes include, among others, the 

incompleteness of the reference library, the bioinformatic strategy used, the gene copy 

number per cell, and the DNA barcode selected (e.g. Bailet et al., 2019, 2020; Rivera et 

al., 2020; Vasselon et al., 2017). Concerning the DNA barcode, two similar short regions 

of the rbcL gene are the most common markers used in diatom metabarcoding. Though 

both have been used successfully for generating biomonitoring assessments (e.g. Kelly 

et al., 2018, 2020; Mortágua et al., 2019; Rivera et al., 2020), there is no information 
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about the implications for biodiversity analysis and WFD ecological status assessments 

of choosing one or other marker. All these previous factors should be specifically 

addressed for Mediterranean rivers before the implementation of DNA metabarcoding 

for routine biomonitoring assessments.  

The hydrogeographic area of Catalonia (NE Spain) constitutes a suitable subject for 

testing the applicability of DNA metabarcoding in Mediterranean rivers. This is because 

this region covers numerous rivers under a Mediterranean climate regime along with a 

wide variety of geomorphological and physical characteristics that lead to classifying 

these rivers into 10 different types (ACA, 2010). Moreover, it has been observed that the 

marked heterogeneity in the physicochemical conditions and pollution levels of these 

rivers coincide with different benthic diatom communities and thus, different indicator 

species (Tornés et al., 2007) for which the effectiveness of DNA metabarcoding can be 

tested.  

 

Assessment of benthic diatom biodiversity in coastal ecosystems by DNA 

metabarcoding  

Coastal environments are located at the interface between terrestrial and marine areas. 

They include different habitats (e.g. seagrass beds, sandflat communities, coral and 

bivalve reefs) that support highly productive biological communities and provide 

numerous ecosystem services (Cloern et al., 2013; Waltham et al., 2020). 

Microphybenthos (MPB) is one of the essential components of coastal systems because 

of their role in biogeochemical cycles and of their contribution to both primary production 

and delivery of multiple ecosystem services (Hope et al., 2019; MacIntyre et al., 1996; 

Thornton et al., 2002). MPB communities are distributed throughout the sediment in 

photic zones and are mainly composed of unicellular eukaryotic algae and 

cyanobacteria. (MacIntyre et al., 1996). More specifically, benthic diatom communities 

constitute the dominant group of the coastal MPB in respect of biomass and activity (Cox 

et al., 2020; Underwood et al., 2022). An important aspect of diatoms is that they produce 

extracellular polymeric substances (EPS) which, among other things, contribute to the 

formation of microbial biofilms (thus increasing sediment stability), influence organic 

carbon flux, protect against desiccation and are an important source of carbon for food 

webs (Czaczyk & Myszka, 2007; Middelburg et al., 2000; Underwood et al., 2004; 

Widdows et al. 2000).  

Because of their intermediate position between land and sea, coastal environments are 

especially vulnerable to different pollutants derived from human activities. Excess 
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nutrient inputs, increases in metal contamination and the presence of persistent organic 

pollutants (POPs) constitute some of the major threats to coastal ecosystems. 

Importantly, these stressors affect these systems through triggering shifts in community 

composition, biodiversity loss and decline of ecosystem services provided (e.g. 

Carstensen et al., 2011; Di Cesare et al., 2020; Lu et al., 2018; Waycott et al., 2009). To 

assess the impact of these stressors on MPB, it is necessary to have a broad 

understanding of the ecology of the MPB species. However, it is particularly difficult to 

study the species composition of MPB communities, as well as aspects related to the 

factors governing community assemblages, due to the limitations of conventional 

morphological methodologies. An additional obstacle has been the limited knowledge of 

the conditions required for unknown species to grow in laboratory cultures.  

The arrival of HTS technologies potentially makes studying these aspects more feasible. 

However, DNA metabarcoding of environmental samples has been rarely tested in 

coastal ecosystems to study MPB and the few studies conducted to date indicate that 

conclusions drawn through metabarcoding data are in agreement with those drawn 

through morphological approaches (Underwood et al., 2022). In addition, these studies 

have provided interesting insights into species diversity as well as the factors that shape 

it (Ardura et al., 2021; Bombin et al., 2021; Jeunen et al., 2018; Plante et al., 2021; 

Rynearson et al., 2020). Considering the importance of diatoms for coastal MPB, and 

the advances done in the applicability of metabarcoding for their freshwater counterparts, 

DNA metabarcoding of coastal benthic diatoms becomes therefore an optimal option to 

increase the knowledge about microeukaryotic diversity patterns and the functioning of 

these systems. However, for such a purpose, a thorough examination of this technique 

must be carried out in these systems in order to know its potentialities and limitations. In 

addition, the complementarity of metabarcoding with traditional morphological analyses 

must be addressed since morphological-based analyses are still required for ecological 

interpretations due to the biases associated with DNA metabarcoding and the fact that 

most of the current knowledge about coastal benthic diatoms is based on such 

observations (e.g. Witkowski et al., 2000) 

 

 

 

 

 

 
 

UNIVERSITAT ROVIRA I VIRGILI 
BENTHIC DIATOM METABARCODING: DEVELOPING NEW APPROACHES TO RESEARCH AND BIOMONITORING IN AQUATIC ECOSYSTEMS 
Javier Pérez Burillo



General Introduction 

27 
 

DNA metabarcoding for studying patterns of genetic diversity at inter and 
intraspecific levels 
 

DNA metabarcoding can be used to study genetic variation within species, if the marker 

is sufficiently variable, through the analyses of environmental samples. For accurately 

measuring genetic diversity via metabarcoding PCR and sequencing artefacts must be 

separated from real sequences. For this aim, there are two different bioinformatics 

strategies applied in DNA metabarcoding. One consists of clustering together 

sequencing reads that differ less than a defined similarity threshold. These clusters are 

referred to as operational taxonomic units (OTUs) and the similarity threshold that has 

often been applied in diatoms ranges from 60% to approximately 97% (e.g. Kelly et al., 

2020; Mortágua et al., 2019; Rivera et al., 2020; Vasselon et al., 2017). Although 97% 

threshold was initially established for 16S rRNA in bacteria (Stackebrandt & Goebel, 

1994), some authors have indicated that this cut-off may also be suitable for short diatom 

rbcL markers (kelly et al., 2020). The second most used strategy is based on sequencing 

“denoise” methods which try to resolve amplicon sequence variants (ASVs; also referred 

to ESVs [Exact Sequence Variants], sub-OTUs or zero-OTUs) with single-nucleotide 

resolution from HTS data. For this, sequencing errors are detected and corrected through 

denoising algorithms. There have been developed several sequencing denoising 

algorithms such as DADA2 (Callahan et al., 2016), Deblur (Amir et al., 2017) and DnoisE 

(Antich et al., 2022), which differ in the way sequences are corrected. Overall, it has been 

attributed some advantages for denoise methods over clustering ones. The most 

important benefit of sequencing denoising approaches has been the fact that ASVs are 

comparable across studies because they are biological entities independent from the 

dataset from which they have been inferred. By contrast, OTUs depend on the particular 

dataset from which they have been defined, which hinders their traceability and 

reproducibility across studies (Callahan et al., 2017). Furthermore, some studies have 

reported a higher sensitivity of ASVs approaches compared to OTUs methods (e.g. Kang 

et al., 2021; Prodan et al., 2020) and it has also been shown that OTUs approaches 

often overestimate alpha diversity metrics compared to ASVs methods (e.g. Joos et al., 

2020; Nearing et al., 2018). 

 

Therefore, DNA metabarcoding based on sequencing denoise methods offers a great 

opportunity for studying genetic diversity of species, and how such diversity is distributed 

and structured through wide geographical areas. The study of phylogeographical 

patterns for a large number of species via metabarcoding is what has been called 

recently “metaphylogeography” (Turon et al., 2020). As indicated by the authors that 
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coined the term, this new discipline would allow, among others, to address questions 

about biogeography, connectivity and dispersal patterns of species in an effective way. 

However, numerous factors, such as the impossibility of relating HTS sequencing reads 

to individuals or the low phylogenetic resolution achievable by short markers, are 

challenging the applicability of DNA metabarcoding for studying some of these aspects, 

especially at the population level (Adam et al., 2019; Sigsgaard et al., 2019).  

Despite these limitations, metabarcoding can still be considered a complementary tool 

able to provide valuable insights into the genetic diversity and phylogeography of species 

as some studies have already shown (De Luca et al., 2021; Elbrecht et al,.2018; Shum 

& Palumbi, 2020; Ruggiero et al., 2022). More in particular, in freshwater diatoms, the 

opportunity of exploring patterns of distribution of genetic variants is especially useful for 

studying species complexes. Thus, many diatom species are complexes of genetic 

variants (e.g. Evans et al., 2008; Trobajo et al., 2010) that show scarcely discernible or 

no morphological differences (i.e. cryptic species) and therefore it is difficult or impossible 

to determine their geographical distributions and ecological preferences using traditional 

methods based on microscopical identifications meaning that the significance of this 

intraspecific variation is still not clear. On the one hand, it has been suggested that 

phylogenetically closely related diatoms species often share a similar environmental 

sensitivity (Keck et al., 2016, 2018) and therefore, it might be thought that the different 

lineages forming a complex should be similar in terms of spatial distribution and 

ecological preferences. However, some other studies have shown that lineages within 

species complexes can do differ in distribution and preferences (e.g. Pinseel et al., 2017; 

Poulícková et al., 2008; Rynearson et al., 2006). In the same way and more recently, 

analysis of metabarcoding data has evidenced that variants within some species 

complexes differ in their tolerance to agriculture stressors (Tapolczai et al., 2021). The 

application of DNA metabarcoding in certain key species complexes could facilitate 

disentangling the meaning of their intraspecific diversity, thus leading to more accurate 

biomonitoring practices in the future.  
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Objectives 

The main objective of this thesis is to evaluate the use of DNA metabarcoding for the 

characterisation of benthic diatom communities in freshwater and coastal environments. 

It focuses particularly on the applicability of benthic diatom DNA metabarcoding for rivers 

WFD bioassessment but also explores the possibilities for addressing other ecological 

and biogeographical questions, with the following specific objectives: 

 

1. To determine whether DNA metabarcoding constitutes a reliable tool for WFD 

biomonitoring of rivers under a Mediterranean climate regime (in NE Spain). 

 

2. To identify the species responsible for causing the largest discrepancies between 

LM and DNA metabarcoding in WFD biomonitoring of freshwater systems, and 

to determine the reasons behind such discrepancies. 

 

3. To compare the phylogenetic resolution of two similar and short diatom rbcL 

markers at or below the species level and to assess the effect of choosing 

between these two markers for WFD biomonitoring programmes and biodiversity-

related studies. Furthermore, the potential of the region shared (i.e. 263-bp) by 

both markers to identify non-diatom benthic microeukaryotes is assessed. 

 

4. To use a global freshwater diatom metabarcoding database (263-bp rbcL) to 

identify common phylogeographic patterns and to evaluate the different causes 

that could explain the differences between species in their intraspecific diversity 

for this marker. 

 

5. To study the distribution and ecological preferences of different genetic variants 

within some particular species complexes of diatoms with ecological relevance 

and importance for WFD biomonitoring programmes. 

 

6. To examine the current status of DNA metabarcoding for assessing benthic 

diatom communities in shallow coastal environments, and to identify the 

advantages and disadvantages of this method compared to morphological 

analyses. 
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Methodology 

The following section presents a very brief overview of the methodology used in this 

thesis. Note that the procedures and methods used in sampling and morphological 

analysis were carried out by collaborators. Thus, this thesis focuses on the analysis of 

diatom metabarcoding data. For more details, see the Material and Methods section in 

each respective chapter (1, 2, 3, 4 and 5). 

1. Study areas and datasets used

The datasets used in chapters 1, 3 and 4 correspond to benthic samples collected in 

rivers in Catalonia (chapters 1 and 4; 164 samples), France (Chapter 4; 610 samples) 

and the UK (chapter 3; 1703 samples) as part of the WFD biomonitoring networks held 

during 2016 and 2017 (in the case of the French and Catalan networks) and during 2014, 

2016 and 2017 (in the case of the UK networks). Chapter 5 is based on a much larger 

benthic diatom metabarcoding database, created from a combination of the above 

databases, plus 9 additional diatom metabarcoding databases that were collected from 

the public online repositories Sequence Read Archive (SRA) and Zenodo. These extra 

databases cover regions in North America (California, Ohio and Ontario), Europe 

(Fennoscandia, France and Spain), Asia (Tibet) and the Indian Ocean (Mayotte). For 

chapter 2, the data used corresponded to 9 biofilms samples taken from Alfacs and 

Fangar bays from the Ebro Delta (NE Spain)  

2. Diatom morphological data

In chapters 1 and 2, samples were prepared for morphological analyses using light 

microscopy (LM). In both cases, the treatment used was based on chemical oxidation 

(using H2O2, HNO3 orH2SO4) and the resulting cleaned diatom valves were mounted with 

Naphrax resin (Brunel microscopes, Chippenham, UK). At least 400 valves were counted 

per sample in chapter 1 and between 300 to 400 in chapter 2 using in both cases a 100x 

objective. In chapter 1, freshwater diatom identifications were performed by several 

consultancies and mainly followed the taxonomic guides of Krammer and Lange-Bertalot 

(1986a, b, 1991a, b) and Lange-Bertalot et al. (2017). In the case of marine samples of 

chapter 2, diatoms identification was carried out following the taxonomic guide of 

Witkowski et al. (2000). 
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3. Diatom metabarcoding data

3.1. DNA extraction, PCR amplification and high-throughput sequencing (HTS) library 

preparation. 

In chapters 1, 2 and 4, DNA was extracted using the commercial kits GenElute TM-LPA 

and NucleoSpin Soil kit (MN-Soil). In chapter 3, DNA from benthic samples was extracted 

using DNeasy Blood and Tissue kit. In chapter 5, the 9 databases collected from the 

online repositories were based on a variety of different kits (see Table 1 in chapter 5). 

A short rbcL region of 312-bp (263-bp without primers) was the marker used in Chapters 

1, 2, 4, 5 and part of the data in Chapter 3. This maker was amplified using the primers 

Diat_rbcL_708F (forward) and R3 (reverse) (Vasselon et al., 2017). The rbcL marker 

used in chapter 3 was 379-bp long (331-bp without primers) and was amplified by the 

rbcL-646F and rbcL-998R primers (Kelly et al., 2018, 2020).  

In all cases, the extracted DNA was sequenced by the illumina Miseq sequencing 

platform. The exceptions were 2 databases used in chapter 5 (i.e. databases from 

Mayotte island and French lakes) where the source DNA was sequenced by the PGM 

Ion Torrent platform due to the time of the work performed. 

 3.2 Bioinformatic analyses 

For all the chapters except 1 (i.e. 2, 3, 4 and 5), DADA2 (Callahan et al., 2016) pipeline 

was the main bioinformatics pipeline used for the processing of fastq files. Overall, 

primers were first removed from the R1 and R2 reads using cutadapt (Martin, 2011). The 

resulting R1 and R2 reads were truncated to 200-240 and 160-200 nucleotides 

respectively, based on their quality profile (i.e. discarding sequences with median quality 

score < 30).  Reads with ambiguities or an expected error (maxEE) higher than 2 were 

discarded. Then, the DADA2 denoising algorithm was applied to determine an error rates 

model in order to infer amplicon sequence variants (ASVs) and ASVs detected as 

chimeras were discarded using the function “removeBimeraDenovo”.  

Fastq files in chapter 1 were processed using Mothur software (Schloss et al., 2009). 

Overall, reads that showed some of the following properties were removed: lengths < 

250 bp, Phred quality score < 23, > 1 mismatch in the primer sequence and homopolymer 

> 8 bp. The Uchime algorithm (Edgar et al., 2011) was used for discarding chimeras.

Finally, reads were clustered into OTUs using 95% as similarity thresholds. 

Taxonomic classification of both ASVs and OTUs was performed using the naïve 

Bayesian classifier method (Wang et al., 2007) and the reference library Diat.barcode 
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(Rimet et al., 2019). In some cases (chapters 2, 3 and 5) the Basic Local Alignment 

Search Tool (BLAST) was used against the Nucleotide database of NCBI GenBank or 

Diat.barcode to check the taxonomy of ASVs. In addition, maximum likelihood trees 

based on the GRT-Gamma model were performed to evaluate the taxonomy of the ASVs 

of the species selected in chapters 2, 4 and 5. 

3.3 Ecological indexes, statistical analyses and haplotype networks 

In chapters 1 and 3, the ecological status of rivers was determined by applying the 

benthic diatom index IPS (Indice de Polluosensibilité Spécifique; Cemagref 1982). For 

each site, the IPS was calculated using species inventory data (species composition and 

relative abundance), obtained from both LM analyses (chapter 1) and DNA 

metabarcoding (chapters 1 and 3), and IPSS and IPSV values for each species extracted 

from OMNIDIA v5.5 software (Lecointe et al., 1993). The WFD ecological status class 

for each sample was assigned by applying the following boundaries (Afnor, 2007): High 

(17 ≤ IPS ≤ 20), Good (13 ≤ IPS < 17), Moderate (9 ≤ IPS < 13), Poor (5 ≤ IPS < 9), Bad 

(1 ≤ IPS < 5).  In chapter 1, the contribution of each species to the IPS values was 

evaluated by a sensitivity analysis and the correlation in IPS between LM and DNA 

metabarcoding methods was by Pearson's coefficient (also used in chapter 3 for 

comparing correlation in IPS between markers). 

In chapter 2, the following statistical analyses were used for comparing diatom 

communities between methods and sites: Shannon–Wiener and Sørensen indexes were 

used to compare diatom diversity between methods (LM vs DNA metabarcoding) and 

sampling sites. Non-metric multidimensional scaling (NMDS) was used to discriminate 

patterns in taxon composition among sample sites and, a permutation multivariate 

analysis of variance (PERMANOVA) was used to evaluate statistically significant 

differences in the diatom community. Finally, an analysis of similarity percentages 

(SIMPER) was performed to identify the taxa that accounted for most of the dissimilarities 

between the LM and DNA metabarcoding inventories.  

In chapter 4, redundancy analyses (RDA) models were performed to analyse separately 

the relationships between the environmental and spatial data and the ASVs. In addition, 

the ecological preferences of ASVs were evaluated using Threshold Indicator Taxa 

Analyses (Baker & King, 2010) and Boosted Regression Trees (Elith, 2008).  

Haplotype networks were constructed in chapters 3 and 5 to assess how phylogenetic 

relationships of genetic variants differed as a function of the marker used (chapter 3) 

and, to explore the phylogeography of species across the regions studied (chapter 5) 
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Haplotype networks were based on the TCS algorithm (Clement et al. 2002) and 

visualised using PopART software (Leigh and Bryant, 2015). 
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Supplementary material  

 

 

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

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

examined 
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Assessment of marine benthic diatom 
communities: insights from a combined 

morphological–metabarcoding approach in 
Mediterranean shallow coastal waters 
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Supplementary material 

Supplementary Table 1. Valve count of the species identified by LM across all the 9 

samples and total relative abundance for the whole inventory (%). The growth-form of 

each taxon is also indicated. Note that Thalassiosira profunda is not listed in the table 

because it was not found during the count of 300-400 valves but it was detected by a 

more exhaustive examination of the slides performed after analysing the 

metabarcoding data. 

 

Taxon 
Growth-
forms 

E5 - 
Crassos
trea 
gigas 

E8 - 
Crassos
trea 
gigas 

E9 - 
Pinn
a 
nobi
lis 
biofi
lm 

E10 - 
Pinna 
nobili
s 
sedim
ent 

E11 
- 
Pinn
a 
nobi
lis 
biofi
lm 

E12 
- 
Pinn
a 
nobi
lis 
biofi
lm 

E13 - 
Pinna 
nobili
s 
sedim
ent 

E14 - 
Cymod
ocea 
nodosa 

E15 - 
Caule
rpa 
prolif
era 

Relativ
e 
abunda
nce (%) 

Berkeleya 
fennica 

High 
profile 11 19 1 1 2 2 0 22 8 2.18 

Berkeleya cf. 
fragilis 

High 
profile 10 26 0 0 0 0 0 6 0 1.39 

Navicula cf. 
ramosissima 

High 
profile 0 0 0 0 0 30 0 0 4 1.12 

Toxarium 
undulatum 

High 
profile 0 0 5 10 2 2 1 5 0 0.82 

Berkeleya 
rutilans 

High 
profile 4 4 0 0 0 0 0 12 0 0.66 

Hyalosynedra 
laevigata 

High 
profile 0 0 0 1 16 1 0 0 0 0.59 

Hyalosynedra 
sp.1 

High 
profile 0 0 0 0 6 5 2 1 4 0.59 

Grammatoph
ora marina 

High 
profile 0 5 0 0 4 0 0 0 8 0.56 

Achnanthes 
longipes 

High 
profile 13 3 0 0 0 0 0 0 0 0.53 

Hyalosynedra 
sub-laevigata 

High 
profile 2 0 0 1 6 0 2 0 4 0.49 

Nitzschia 
angularis 

High 
profile 0 0 14 1 0 0 0 0 0 0.49 

Licmophora 
paradoxa  

High 
profile 1 0 0 1 0 0 0 2 5 0.3 

Parlibellus 
berkeleyi 

High 
profile 0 9 0 0 0 0 0 0 0 0.3 

Ardissonea 
crystallina 

High 
profile 0 0 2 3 2 0 1 0 0 0.26 

Melosira 
nummuloides 

High 
profile 8 0 0 0 0 0 0 0 0 0.26 

Navicula 
ramosissima 

High 
profile 7 0 0 0 0 0 0 0 0 0.23 

Licmophora 
debilis 

High 
profile 5 0 0 0 0 0 0 0 0 0.16 

Grammatoph
ora oceanica 

High 
profile 0 0 0 0 0 0 0 0 4 0.13 

Licmophora 
abbreviata 

High 
profile 4 0 0 0 0 0 0 0 0 0.13 

Licmophora 
flabellata 

High 
profile 0 1 0 0 1 1 0 1 0 0.13 

Achnanthes 
cf brevipes 

High 
profile 3 0 0 0 0 0 0 0 0 0.1 

Berkeleya 
scopulorum 

High 
profile 0 0 1 0 0 0 0 1 0 0.07 

Hyalosira 
sp.1 

High 
profile 0 0 0 0 0 0 0 1 1 0.07 

Hyalosynedra 

parietina 

High 
profile 0 0 0 0 0 2 0 0 0 0.07 

Neosynedra 
provincialis 

High 
profile 0 0 0 0 0 0 0 1 1 0.07 

Ardissonea 
sp.1 

High 
profile 0 0 0 0 0 1 0 0 0 0.03 

Cyclophora 

tenuis 

High 
profile 0 0 0 0 0 0 0 1 0 0.03 

Divergita 
toxoneides 

High 
profile 0 0 0 0 0 0 1 0 0 0.03 

Licmophora 
oedibus 

High 
profile 0 0 0 0 0 1 0 0 0 0.03 
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Nitzschia 
martiana 

High 
profile 0 0 0 0 0 0 1 0 0 0.03 

Nitzschia 
vidovichi  

High 
profile 0 0 0 0 0 1 0 0 0 0.03 

Striatella 
unipunctata 

High 
profile 0 0 0 0 0 0 0 1 0 0.03 

Parlibellus 
sp.1 

High 
profile? 0 1 0 0 0 0 0 0 0 0.03 

Amphora 
helenensis Low profile 47 80 86 22 11 12 2 0 20 9.24 

Amphora cf 
helenensis Low profile 0 62 46 10 0 0 4 0 8 4.29 

Cocconeis 
scutellum v. 
posidoniae Low profile 3 1 10 27 3 11 7 25 14 3.33 

Nanofrustulu
m shiloi Low profile 1 0 0 3 0 13 60 0 3 2.64 

Cocconeis 
scutellum Low profile 6 2 5 12 6 22 7 0 13 2.41 

Serratifera 
sp.3 Low profile 0 0 0 0 0 0 46 0 7 1.75 

Halamphora 
sp.2 Low profile 0 0 0 0 0 7 0 16 29 1.72 

Plagiogramm
a minus Low profile 0 0 0 15 8 1 21 0 4 1.62 

Pteroncola 
marina Low profile 0 1 0 0 4 0 1 41 0 1.55 

Amphora aff. 
helenensis Low profile 45 0 0 0 0 0 0 0 0 1.48 

Mastogloia 
crucicula Low profile 0 0 5 5 11 1 14 0 3 1.29 

Halamphora 

cf. luciae Low profile 2 7 2 8 3 1 10 0 1 1.12 

Serratifera 
sp.2  Low profile 0 0 2 0 25 4 0 0 0 1.02 

Cocconeis 
euglypta Low profile 0 1 0 0 9 10 1 1 8 0.99 

Opephora 

pacifica Low profile 0 0 1 12 3 3 6 2 0 0.89 

Tabularia 
investiens Low profile 0 7 2 0 0 1 0 3 8 0.69 

Amphora 
marina Low profile 0 0 0 7 0 0 12 0 0 0.63 

Halamphora 

acutiuscula Low profile 0 1 12 4 0 0 0 0 1 0.59 

Serratifera 
sp. 4 Low profile 0 0 0 17 0 0 0 0 0 0.56 

Amphora cf. 
marina Low profile 6 3 2 0 4 2 0 0 0 0.56 

Cocconeis 
dirupta Low profile 15 2 0 0 0 0 0 0 0 0.56 

Cocconeis 
peltoides Low profile 0 1 0 6 1 0 8 0 0 0.53 

Diplonei 
vacillans Low profile 0 0 11 0 1 0 1 0 1 0.46 

Amphora 
exilitata  Low profile 0 0 0 4 1 0 8 0 1 0.46 

Tabularia 
cf.parva Low profile 0 0 0 0 0 4 0 2 8 0.46 

Amphora 
inconspicua Low profile 0 1 2 3 1 1 2 2 0 0.4 

Halamphora 
semperpaloru
m Low profile 0 0 0 0 0 2 7 2 1 0.4 

Halamphora 
sp.1 Low profile 0 0 0 0 0 12 0 0 0 0.4 

Lunella 
ghalebii  Low profile 0 0 0 1 1 2 8 0 0 0.4 

Rhopalodia 
acuminata Low profile 1 0 0 0 11 0 0 0 0 0.4 

Delphineis 
livingstonii Low profile 0 0 1 5 2 0 2 0 1 0.36 

Nagumonea 
sp.1  Low profile 0 0 0 0 0 0 0 11 0 0.36 

Cocconeis 
neothumensi
s  var marina Low profile 3 0 0 0 0 0 3 0 4 0.33 

Gedaniella 
guenter-
grassii  Low profile 0 0 0 0 0 0 10 0 0 0.33 

Mastogloia cf. 
emarginata Low profile 0 0 0 0 10 0 0 0 0 0.33 

Opephora 

sp.2 Low profile 0 0 0 0 0 0 10 0 0 0.33 
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Tabularia cf. 
fasciculata  Low profile 1 0 0 1 0 0 5 3 0 0.33 

Plagiogramm
a nanum Low profile 0 0 0 1 4 0 4 0 0 0.3 

Opephora cf. 
marina  Low profile 0 0 0 0 2 0 6 0 0 0.26 

Amphora sp.2 Low profile 0 0 0 0 7 0 0 0 0 0.23 

Mastogloia 
pusilla Low profile 0 0 0 1 2 1 3 0 0 0.23 

Achnanthes 
meridionalis Low profile 6 0 0 0 0 0 0 0 0 0.2 

Serratifera 

sp.1 Low profile 0 0 0 0 6 0 0 0 0 0.2 

Achnanthes 
sp.1 Low profile 4 0 0 0 0 0 0 0 0 0.13 

Amphora cf. 
proteus Low profile 1 0 0 1 0 0 2 0 0 0.13 

Amphora sp.4 Low profile 0 0 0 0 0 0 4 0 0 0.13 

Auricula 
hoffmannii  Low profile 0 0 0 0 0 0 4 0 0 0.13 

Cocconeis 
septentrionali
s Low profile 0 4 0 0 0 0 0 0 0 0.13 

Cocconeis 
sp.2 Low profile 0 0 0 4 0 0 0 0 0 0.13 

Halamphora  
coffeaeformis  Low profile 0 0 0 0 1 2 0 1 0 0.13 

Hippodonta 
sp.2 Low profile 0 0 0 4 0 0 0 0 0 0.13 

Mastogloia 
ovulum Low profile 0 0 0 0 3 1 0 0 0 0.13 

Mastogloia 
robusta Low profile 0 0 0 0 2 0 2 0 0 0.13 

Serratifera cf. 
andersonii Low profile 0 0 0 4 0 0 0 0 0 0.13 

Tabularia 
sp.1  Low profile 0 4 0 0 0 0 0 0 0 0.13 

Amphora cf. 
arenaria Low profile 3 0 0 0 0 0 0 0 0 0.1 

Amphora 
kolbei Low profile 0 2 1 0 0 0 0 0 0 0.1 

Cocconeis 
diaphana Low profile 2 0 0 0 1 0 0 0 0 0.1 

Cocconeis 
distans Low profile 0 1 0 0 0 1 1 0 0 0.1 

Cocconeis 
pelta Low profile 0 1 0 0 1 0 1 0 0 0.1 

Cocconeis 
sp.1 Low profile 0 0 3 0 0 0 0 0 0 0.1 

Diploneis 
sp.1  Low profile 1 0 2 0 0 0 0 0 0 0.1 

Fallacia cf. 
clepsidroides  Low profile 0 0 0 2 1 0 0 0 0 0.1 

Halamphora 
sp.3 Low profile 0 0 0 0 0 0 3 0 0 0.1 

Madinithidiu
m sp.1 Low profile 0 0 0 0 1 2 0 0 0 0.1 

Mastogloia cf. 
multicostata Low profile 0 0 0 0 1 2 0 0 0 0.1 

Mastogloia 
erythraea Low profile 0 0 0 0 0 0 3 0 0 0.1 

Opephora 

horstiana Low profile 0 0 0 0 0 0 3 0 0 0.1 

Opephora 
sp.1 Low profile 0 0 0 3 0 0 0 0 0 0.1 

Stauroforma 
sp.1 Low profile 0 0 0 3 0 0 0 0 0 0.1 

Stauroforma 

sp.3 Low profile 0 0 0 0 0 0 3 0 0 0.1 

Tabularia 
sp.1  Low profile 3 0 0 0 0 0 0 0 0 0.1 

Vikingea sp.1 Low profile 3 0 0 0 0 0 0 0 0 0.1 

Amicula 
specululum Low profile 0 0 0 0 0 2 0 0 0 0.07 

Amphicoccon
eis sp.1 Low profile 0 0 0 1 1 0 0 0 0 0.07 

Amphora cf. 
inconspicua Low profile 2 0 0 0 0 0 0 0 0 0.07 

Amphora 
incrassata Low profile 0 0 0 2 0 0 0 0 0 0.07 

Amphora 
micrometra Low profile 2 0 0 0 0 0 0 0 0 0.07 

Astartiella 
sp.1 Low profile 0 0 0 1 0 0 1 0 0 0.07 
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Chamaepinn
ularia cf. 
wiktoriae Low profile 0 0 0 2 0 0 0 0 0 0.07 

Cymbellonitz
schia sp.1 Low profile 0 0 0 0 2 0 0 0 0 0.07 

Fallacia 
forcipata Low profile 0 0 1 1 0 0 0 0 0 0.07 

Fragilaria cf. 
bronkei Low profile 0 0 0 1 0 0 1 0 0 0.07 

Halamphora 
kolbei Low profile 2 0 0 0 0 0 0 0 0 0.07 

Halamphora 
tenerrima Low profile 0 0 0 0 0 2 0 0 0 0.07 

Hippodonta 
sp.4 Low profile 0 0 0 0 0 2 0 0 0 0.07 

Mastogloia 
cuneata Low profile 0 0 0 0 0 0 2 0 0 0.07 

Mastogloia 
ovata Low profile 0 0 0 0 0 2 0 0 0 0.07 

Mastogloia 
sp.1 Low profile 2 0 0 0 0 0 0 0 0 0.07 

Proschkinia 
browderiana  Low profile 0 0 2 0 0 0 0 0 0 0.07 

Stauroforma 
sp.2 Low profile 0 0 0 0 2 0 0 0 0 0.07 

Tabularia 
sp.2 Low profile 0 0 0 0 2 0 0 0 0 0.07 

Tabularia 
sp.3 Low profile 0 0 0 0 0 2 0 0 0 0.07 

Achnanthes 
pseudogroenl
andica Low profile 1 0 0 0 0 0 0 0 0 0.03 

Achnanthes 
sanctipauli Low profile 1 0 0 0 0 0 0 0 0 0.03 

Amphora 
caroliniana Low profile 0 0 0 1 0 0 0 0 0 0.03 

Amphora 
immarginata Low profile 1 0 0 0 0 0 0 0 0 0.03 

Amphora 
pannucea Low profile 1 0 0 0 0 0 0 0 0 0.03 

Amphora sp.1 Low profile 0 0 0 1 0 0 0 0 0 0.03 

Campylodisc
us cf 
fastuosus Low profile 0 0 0 0 0 1 0 0 0 0.03 

Campyloneis 
sp.1 Low profile 0 0 0 0 0 1 0 0 0 0.03 

Cocconeiopsi
s cf. patrickae Low profile 0 0 0 1 0 0 0 0 0 0.03 

Cocconeis 
barleyi Low profile 0 0 0 0 1 0 0 0 0 0.03 

Cocconeis 

costata Low profile 1 0 0 0 0 0 0 0 0 0.03 

Cocconeis 
krammeri Low profile 1 0 0 0 0 0 0 0 0 0.03 

Cocconeis 
molesta Low profile 0 1 0 0 0 0 0 0 0 0.03 

Diploneis cf. 

papula Low profile 0 0 0 1 0 0 0 0 0 0.03 

Diploneis 
decipiens var. 
parallela Low profile 0 0 0 0 1 0 0 0 0 0.03 

Diploneis 
sp.2 Low profile 0 0 0 1 0 0 0 0 0 0.03 

Fallacia 

floriniae Low profile 0 0 0 1 0 0 0 0 0 0.03 

Halamphora 
spriggerica Low profile 1 0 0 0 0 0 0 0 0 0.03 

Halamphora 
yundangensi
s Low profile 0 0 1 0 0 0 0 0 0 0.03 

Hippodonta 
sp.1 Low profile 0 0 0 0 0 0 0 0 1 0.03 

Hippodonta 
sp.3 Low profile 0 0 0 0 1 0 0 0 0 0.03 

Lunella sp.1  Low profile 0 0 0 0 0 1 0 0 0 0.03 

Lyrella cf 
abrupta Low profile 0 0 0 1 0 0 0 0 0 0.03 

Lyrella cf. 
atlantica Low profile 0 0 0 0 0 0 1 0 0 0.03 

Mastogloia 
acutiuscula Low profile 0 0 0 0 1 0 0 0 0 0.03 

Mastogloia 
binotata Low profile 0 0 0 1 0 0 0 0 0 0.03 
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Mastogloia 
biocellata Low profile 0 0 0 0 1 0 0 0 0 0.03 

Mastogloia cf. 
corsicana Low profile 0 0 0 1 0 0 0 0 0 0.03 

Mastogloia cf. 
lanceolata Low profile 0 0 0 0 0 0 1 0 0 0.03 

Mastogloia 
sp.2 Low profile 0 0 0 1 0 0 0 0 0 0.03 

Mastogloia 
sp.3 Low profile 0 0 0 1 0 0 0 0 0 0.03 

Prestauronei
s sp.1 Low profile 0 1 0 0 0 0 0 0 0 0.03 

Prestauronei
s sp.2 Low profile 0 0 0 0 1 0 0 0 0 0.03 

Pteroncola 
sp. Low profile 0 0 0 0 0 0 0 1 0 0.03 

Navicula sp.4 Motile 31 35 0 8 19 57 1 129 14 9.7 

Navicula 
normaloides Motile 17 34 10 1 6 9 1 5 9 3.04 

Navicula 
normalis Motile 6 0 26 5 1 6 3 6 24 2.54 

Navicula 
subagnita Motile 0 2 16 7 2 0 1 22 1 1.68 

Nitzschia 
frustulum Motile 12 6 0 2 1 2 0 1 16 1.32 

Nitzschia sp 
section 
Dissipatae Motile 1 10 0 3 2 3 1 9 0 0.96 

Seminavis 
robusta Motile 1 6 4 0 12 3 1 0 0 0.89 

Craspedosta
uros sp.2 Motile 25 0 0 0 0 0 0 0 0 0.82 

Navicula 
pavillardi  Motile 0 5 1 1 0 5 2 10 1 0.82 

Navicula sp.6 Motile 3 19 0 0 0 0 1 0 0 0.76 

Navicula sp.3 Motile 0 0 0 0 0 0 0 0 22 0.73 

Nitzschia 
liebetruthii Motile 0 0 0 0 0 5 3 1 12 0.69 

Nitzschia 
inconspicua Motile 9 3 0 3 1 1 0 1 2 0.66 

Navicula 
perminuta Motile 6 6 0 0 0 0 0 0 5 0.56 

Nitzschia cf. 
grossestriata Motile 1 0 1 0 0 2 0 2 9 0.49 

Craspedosta
uros sp.3  Motile 14 0 0 0 0 0 0 0 0 0.46 

Nitzschia 
dissipata Motile 0 0 12 0 0 0 0 0 0 0.4 

Caloneis 

formosa var. 
densestriata  Motile 0 0 0 0 1 10 0 0 0 0.36 

Navicula sp.2 Motile 0 0 0 0 0 0 0 10 0 0.33 

Craspedosta
uros sp.1 Motile 9 0 0 0 0 0 0 0 0 0.3 

Nitzschia 

paleacea Motile 2 0 0 1 3 0 0 0 3 0.3 

Seminavis 
sp.3 Motile 0 1 0 0 8 0 0 0 0 0.3 

Navicula sp.1 Motile 0 0 0 0 0 6 0 0 0 0.2 

Arcuatasigma 
sp.1 Motile 0 0 1 1 0 3 0 0 0 0.16 

Navicula 
cancellata Motile 0 0 0 3 1 0 1 0 0 0.16 

Navicula cf. 
dehissa Motile 0 1 1 1 1 0 1 0 0 0.16 

Nitzschia cf. 
linkei Motile 0 0 0 0 0 0 5 0 0 0.16 

Gyrosigma 
coelophilum Motile 0 0 4 0 0 0 0 0 0 0.13 

Navicula 
gregaria Motile 1 3 0 0 0 0 0 0 0 0.13 

Psammodicty
on sp.2 Motile 0 0 0 0 0 4 0 0 0 0.13 

Tetramphora 
sulcata Motile 0 1 0 1 0 0 0 2 0 0.13 

Navicula 
phylleptosom
a Motile 0 3 0 0 0 0 0 0 0 0.1 

Nitzschia cf. 
hybrida Motile 3 0 0 0 0 0 0 0 0 0.1 

Psammodicty
on sp.3 Motile 0 0 0 0 0 0 3 0 0 0.1 

Bacillaria sp. Motile 0 0 0 1 0 0 1 0 0 0.07 

Caloneis liber Motile 0 1 0 0 0 1 0 0 0 0.07 
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Navicula 
johnsonii  Motile 0 0 0 2 0 0 0 0 0 0.07 

Navicula sp.5 Motile 2 0 0 0 0 0 0 0 0 0.07 

Navicula sp.7 Motile 0 2 0 0 0 0 0 0 0 0.07 

Navicula sp.8 Motile 0 0 0 0 0 2 0 0 0 0.07 

Navicula 
veneta Motile 0 0 0 0 2 0 0 0 0 0.07 

Nitzschia cf. 
aurariae Motile 1 0 0 0 1 0 0 0 0 0.07 

Nitzschia cf. 
palea Motile 2 0 0 0 0 0 0 0 0 0.07 

Nitzschia 
navicularis Motile 0 0 0 0 0 2 0 0 0 0.07 

Nitzschia sp.1 Motile 0 0 0 0 0 2 0 0 0 0.07 

Okedenia cf 
inflexa Motile 0 0 2 0 0 0 0 0 0 0.07 

Plagiotropis 

pusilla Motile 0 0 0 1 0 0 1 0 0 0.07 

Pleurosigma 
cf. aestuarii Motile 0 0 0 0 1 0 0 0 1 0.07 

Psammodicty
on coarctata Motile 0 1 0 0 0 0 1 0 0 0.07 

Seminavis cf. 

insignis Motile 2 0 0 0 0 0 0 0 0 0.07 

Trachyneis 
aspera Motile 0 0 0 0 1 1 0 0 0 0.07 

Arcuatasigma 
sp.2 Motile 0 0 0 0 0 0 1 0 0 0.03 

Craspedosta

uros sp.4 Motile 1 0 0 0 0 0 0 0 0 0.03 

Donkinia sp.1 Motile 0 0 0 0 0 0 0 1 0 0.03 

Entomoneis 
decussata Motile 0 0 0 1 0 0 0 0 0 0.03 

Entomoneis 
sp.1 Motile 0 0 1 0 0 0 0 0 0 0.03 

Entomoneis 
sp.2 Motile 0 0 1 0 0 0 0 0 0 0.03 

Haslea sp.1 Motile 0 0 0 0 0 1 0 0 0 0.03 

Navicula 
bipustulata Motile 1 0 0 0 0 0 0 0 0 0.03 

Navicula cf. 
oblonga Motile 0 0 0 0 0 0 1 0 0 0.03 

Navicula cf. 
pavillardii Motile 1 0 0 0 0 0 0 0 0 0.03 

Navicula 
phyllepta Motile 0 1 0 0 0 0 0 0 0 0.03 

Navicula 

salinarum Motile 0 0 1 0 0 0 0 0 0 0.03 

Nitzschia 
angularis v. 
minor Motile 0 0 0 0 0 1 0 0 0 0.03 

Nitzschia cf. 
composita Motile 1 0 0 0 0 0 0 0 0 0.03 

Nitzschia 
composita Motile 0 1 0 0 0 0 0 0 0 0.03 

Nitzschia 
insignis Motile 0 0 0 1 0 0 0 0 0 0.03 

Nitzschia 
microcephala Motile 1 0 0 0 0 0 0 0 0 0.03 

Nitzschia 

sigma Motile 0 0 1 0 0 0 0 0 0 0.03 

Nitzschia sp.2 Motile 0 0 1 0 0 0 0 0 0 0.03 

Plagiotropis 
cf. 
lepidoptera Motile 0 0 0 0 0 0 0 0 1 0.03 

Psammodicty

on cf. 
areolatum Motile 1 0 0 0 0 0 0 0 0 0.03 

Psammodicty
on sp.1 Motile 0 0 0 1 0 0 0 0 0 0.03 

Psammodicty
on sp.4 Motile 0 0 0 0 0 0 1 0 0 0.03 

Psammodicty
on sp.5 Motile 0 0 0 0 0 0 0 1 0 0.03 

Seminavis 
sp.1 Motile 1 0 0 0 0 0 0 0 0 0.03 

Seminavis 
sp.2 Motile 0 0 1 0 0 0 0 0 0 0.03 

Tetramphora 

ostrearia Motile 0 0 0 1 0 0 0 0 0 0.03 

Tetramphora 
sp.1 Motile 0 0 0 0 0 1 0 0 0 0.03 

Tryblionella 
apiculata Motile 1 0 0 0 0 0 0 0 0 0.03 
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Thalassione
ma bacillaris Planktonic 0 0 2 2 10 0 3 0 0 0.56 

Chaetoceros 
sp.1 Planktonic 0 0 0 5 4 0 0 0 0 0.3 

Neofragilaria 
sp. nov. planktonic 0 0 0 0 0 0 3 0 0 0.1 

Thalassione
ma 
nitzschioides 
var. 
lanceolata  Planktonic 0 0 0 1 0 0 0 0 0 0.03 

Cyclotella 
choctawhatch
eeana 

Tychoplan
ktonic 0 0 12 21 21 8 6 9 1 2.57 

Nitzschia 
linkei  

Tychoplan
ktonic 0 0 0 0 1 1 0 0 0 0.07 

Cyclotella 
sp.1 

Tychoplan
ktonic 0 0 0 0 0 0 1 0 0 0.03 

Cylindrotheca 
sp.1 

Tychoplan
ktonic 0 0 0 0 0 1 0 0 0 0.03 

Nitzschia 

socialis 

Tychoplan
ktonic 0 0 0 0 0 0 1 0 0 0.03 
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Supplementary Table 2. List of diatom ASVs identified in this study together with their corresponding taxonomy affiliation, growth-form, reads 

distribution among the 9 samples analysed and their relative abundance over all the inventory. Taxonomy of ASVs was determined using 

Diat.barcode v9 and setting 85% as the minimum confidence threshold in DADA2. When ASVs were not classified on the basis of previous criteria, 

the taxonomic affiliation was assigned in the cases where ASVs shared ≥ 97% of similarity with sequences from the database of NCBI GenBank. 

Note that some ASVs could not be classified by any of the previous criteria but they could at genus level through an evaluation of the most similar 

sequences in GenBank 

ASV id 
Taxonomy based 
on Diat.barcode v9 

Taxonomy 
based on 
GenBank 

Growth-forms 

E5- 
Crassos
trea 
gigas 

E8- 
Crassos
trea 
gigas 

E9- 
Pinna 
nobilis 
biofilm 

E10- 
Pinna 
nobilis 
sedime
nt 

E11- 
Pinna 
nobilis 
biofilm 

E12- 
Pinna 
nobilis 
biofilm 

E13- 
Pinna 
nobilis 
sedime
nt 

E14- 
Cymod
ocea 
nodosa 

E15- 
Caulerp
a 
prolifer
a 

Relative 

abunda

nce (%) 

ASV0001 

Thalassiosira 
profunda N/A Planktonic 27 19 566 1591 671 669 823 516 2041 

27.69 

ASV0002 Berkeleya fennica N/A High profile 364 157 77 6 19 73 36 841 2 
6.30 

ASV0003 

Achnanthes 
longipes N/A High profile 1180 821 0 0 0 0 0 0 0 

8.00 

ASV0006 Nanofrustulum shiloi N/A Low profile 2 5 91 58 78 274 291 25 472 
5.18 

ASV0010 Unclassified Navicula sp. Motile 0 0 119 265 16 61 311 24 0 
3.18 

ASV0014 Haslea howeana N/A Motile 0 0 37 0 50 11 14 398 0 
2.04 

ASV0019 Cyclotella sp. N/A TychoPlanktonic 0 0 28 223 206 6 19 11 49 
2.17 

ASV0022 Unclassified 
Seminavis cf. 
robusta Motile 0 0 0 0 394 0 0 0 0 

1.58 

ASV0026 

Licmophora 
paradoxa N/A High profile 97 96 0 0 4 43 51 58 13 

1.45 

ASV0030 Navicula perminuta N/A Motile 46 0 0 0 0 72 7 175 9 
1.24 

ASV0031 Seminavis robusta N/A Motile 77 261 0 0 0 0 0 0 0 
1.35 

ASV0034 Psammodictyon sp. N/A Motile 15 16 11 31 27 44 109 7 63 
1.29 

ASV0035 

Craspedostauros 
constricta N/A Motile 348 18 0 0 0 0 0 0 0 

1.46 

ASV0037 Nitzschia spathulata N/A Motile 0 0 0 0 0 38 187 0 0 
0.90 

ASV0039 Seminavis sp. N/A Motile 0 0 0 93 7 36 33 59 0 
0.91 
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ASV0040 Dimeregramma sp. N/A Low profile 0 0 6 47 86 10 26 4 70 
1.00 

ASV0041 

Thalassiosira 
angulata N/A Planktonic 0 0 42 40 43 17 47 11 50 

1.00 

ASV0045 Unclassified 
Halamphora 
maritima Low profile 0 0 0 0 0 209 1 0 0 

0.84 

ASV0046 Nitzschia spathulata N/A Motile 0 0 162 0 29 8 0 0 0 
0.80 

ASV0047 Unclassified Bacillaria sp. TychoPlanktonic 30 97 38 0 26 24 0 0 0 
0.86 

ASV0049 

Gedaniella 
panicellus N/A Low profile 2 0 27 22 28 33 45 4 67 

0.91 

ASV0051 

Nitzschia 
traheaformis N/A Motile 60 22 6 0 16 59 21 0 0 

0.74 

ASV0052 

Serratifera 
andersonii N/A Low profile 0 0 6 24 48 37 30 2 18 

0.66 

ASV0053 Amphora helenensis N/A Low profile 48 25 12 0 11 33 0 7 64 
0.80 

ASV0062 Haslea howeana N/A Motile 63 75 0 0 0 0 0 0 0 
0.55 

ASV0063 Pleurosigma sp. N/A Motile 0 0 0 84 40 0 9 0 0 
0.53 

ASV0066 Unclassified 
Amphora 
helenensis Low profile 17 50 8 0 9 16 0 0 46 

0.58 

ASV0067 Nanofrustulum sp. N/A Low profile 0 0 12 17 25 18 21 0 44 
0.55 

ASV0069 Navicula avium N/A Motile 0 128 0 0 0 0 0 0 0 
0.51 

ASV0071 Unclassified 
Nitzschia cf. 
dubiiformis Motile 0 120 0 0 0 0 0 0 0 

0.48 

ASV0073 Nitzschia ovalis N/A Motile 0 0 6 23 3 20 33 4 26 
0.46 

ASV0074 Pleurosigma sp. N/A Motile 0 0 71 5 0 11 7 2 30 
0.50 

ASV0075 Unclassified 
Nitzschia 
fontifuga Motile 0 0 0 0 19 0 82 0 0 

0.40 

ASV0077 Nitzschia spathulata N/A Motile 0 5 118 0 0 0 0 0 0 
0.49 

ASV0081 Amphora helenensis N/A Low profile 0 101 0 0 0 0 0 0 0 
0.40 

ASV0082 

Achnanthes 
brevipes N/A High profile 111 5 0 0 0 0 0 0 0 

0.46 

ASV0083 

Melosira 
nummuloides N/A High profile 69 59 0 0 0 0 0 0 0 

0.51 
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ASV0084 Seminavis robusta N/A Motile 0 112 0 0 0 0 0 0 0 
0.45 

ASV0090 Unclassified Nitzschia Motile 0 0 0 0 5 9 0 69 0 
0.33 

ASV0092 

Entomoneis 
paludosa N/A Motile 17 8 9 0 0 42 4 0 0 

0.32 

ASV0094 Unclassified Navicula Motile 0 106 0 0 0 0 0 0 0 
0.42 

ASV0097 Unclassified Amphora sp. Low profile 0 0 0 50 23 6 7 0 0 
0.34 

ASV0101 Unclassified Trachyneis sp. Motile 0 0 0 16 0 0 13 27 0 
0.22 

ASV0103 Tabularia laevis N/A Low profile 0 15 0 0 0 11 0 43 0 
0.28 

ASV0106 Navicula perminuta N/A Motile 0 0 6 0 0 0 0 56 0 
0.25 

ASV0110 Unclassified 
Entomoneis 
infula Motile 0 0 4 33 2 5 20 0 0 

0.26 

ASV0112 

Striatella 
unipunctata N/A High profile 0 80 0 0 0 0 0 0 0 

0.32 

ASV0113 

Hyalosynedra 
lanceolata N/A High profile 0 0 0 0 62 0 0 0 0 

0.25 

ASV0115 Unclassified Nitzschia sp. Motile 29 20 0 1 0 1 2 11 8 
0.29 

ASV0116 

Striatella 
unipunctata N/A High profile 5 64 0 0 0 9 0 0 0 

0.31 

ASV0117 Unclassified 
Parlibellus 
berkeleyi High profile 2 68 0 0 0 0 0 0 0 

0.28 

ASV0120 Berkeleya fennica N/A High profile 0 85 0 0 0 0 0 0 0 
0.34 

ASV0122 Unclassified Plagiotropis Motile 0 0 0 17 0 32 2 2 11 
0.26 

ASV0127 Nitzschia adhaerens N/A Motile 0 0 0 0 0 0 50 0 0 
0.20 

ASV0129 Berkeleya fennica N/A High profile 0 61 0 0 0 0 0 0 0 
0.24 

ASV0132 Unclassified 
Haslea cf. 
howeana Motile 0 0 0 9 0 0 10 27 0 

0.18 

ASV0136 

Achnanthes 
longipes N/A High profile 67 0 0 0 0 0 0 0 0 

0.27 

ASV0140 Unclassified 
Actinoptychus 
octonarius TychoPlanktonic 0 0 0 5 38 0 5 0 0 

0.19 

ASV0141 Unclassified Cylindrotheca TychoPlanktonic 0 0 0 0 0 32 21 0 0 
0.21 
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ASV0142 

Cylindrotheca 
closterium N/A TychoPlanktonic 7 0 0 0 0 0 0 40 0 

0.19 

ASV0144 Unclassified Nitzschia Motile 0 0 25 0 21 0 0 0 0 
0.18 

ASV0146 Dimeregramma sp. N/A Low profile 0 0 0 18 21 0 8 0 0 
0.19 

ASV0155 Petrodictyon sp. N/A Low profile 0 58 0 0 0 0 0 0 0 
0.23 

ASV0157 Nitzschia spathulata N/A Motile 0 0 28 0 5 3 0 0 0 
0.14 

ASV0159 Pleurosigma sp. N/A Motile 0 0 0 20 0 16 7 0 0 
0.17 

ASV0160 

Cylindrotheca 
closterium N/A TychoPlanktonic 0 0 0 7 0 12 2 16 3 

0.16 

ASV0161 Unclassified Amphora sp. Low profile 0 0 0 3 37 0 0 3 0 
0.17 

ASV0163 

Striatella 
unipunctata N/A High profile 0 20 0 0 0 21 8 0 0 

0.20 

ASV0170 

Striatella 
unipunctata N/A High profile 0 0 0 0 0 17 5 19 0 

0.16 

ASV0171 Unclassified 
Nitzschia 
inconspicua Motile 0 0 0 7 27 0 0 0 0 

0.14 

ASV0173 Nitzschia dalmatica N/A Motile 0 0 8 4 2 8 16 0 0 
0.15 

ASV0174 Unclassified Halamphora Low profile 0 0 0 0 0 2 26 0 0 
0.11 

ASV0175 Ditylum intricatum N/A Planktonic 0 0 12 22 4 2 1 0 0 
0.16 

ASV0176 Unclassified Nitzschia Motile 2 0 0 0 0 0 5 28 0 
0.14 

ASV0178 Berkeleya fennica N/A High profile 0 0 0 0 0 4 24 0 0 
0.11 

ASV0179 Unclassified Halamphora Low profile 0 0 0 1 0 18 23 0 0 
0.17 

ASV0182 Unclassified Opephoroid sp. Low profile 0 0 0 5 19 0 0 4 0 
0.11 

ASV0185 

Licmophora 
abbreviata N/A High profile 29 11 0 0 0 0 0 0 0 

0.16 

ASV0189 Unclassified Tetramphora Motile 0 0 0 0 0 0 27 0 0 
0.11 

ASV0192 Pleurosigma sp. N/A Motile 0 0 38 0 0 0 0 0 0 
0.15 

ASV0194 Unclassified Halamphora Low profile 0 0 0 0 0 19 28 0 0 
0.19 
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ASV0196 Unclassified Navicula sp. Motile 0 0 0 0 0 0 0 25 0 
0.10 

ASV0198 Unclassified Navicula Motile 0 0 0 16 10 0 3 5 0 
0.14 

ASV0199 Unclassified Trachyneis sp. Motile 0 0 0 0 23 0 0 0 0 
0.09 

ASV0202 Unclassified 
Cylindrotheca 
sp. TychoPlanktonic 0 0 0 11 0 10 10 0 0 

0.12 

ASV0203 Unclassified Cocconeis Low profile 0 0 0 0 0 20 0 3 35 
0.23 

ASV0207 Unclassified Planothidium Low profile 0 0 0 0 0 20 0 4 0 
0.10 

ASV0209 Haslea ostrearia N/A Motile 0 0 0 0 0 0 24 0 0 
0.10 

ASV0210 

Nitzschia 
traheaformis N/A Motile 36 0 0 0 0 0 0 0 0 

0.14 

ASV0211 Unclassified Amphora fusca Low profile 0 0 0 0 27 2 0 0 0 
0.12 

ASV0212 Pleurosigma sp. N/A Motile 0 0 0 0 0 0 8 16 0 
0.10 

ASV0213 Unclassified Amphora Low profile 0 0 0 0 0 20 0 0 0 
0.08 

ASV0214 

Cylindrotheca 
closterium N/A TychoPlanktonic 0 33 0 0 0 0 0 0 0 

0.13 

ASV0220 

Grammatophora 
oceanica N/A High profile 0 33 0 0 0 0 0 0 0 

0.13 

ASV0222 

Skeletonema 
costatum N/A Planktonic 0 0 0 5 0 0 8 0 0 

0.05 

ASV0223 Unclassified Cylindrotheca TychoPlanktonic 0 0 0 29 0 0 3 0 0 
0.13 

ASV0225 

Grammatophora 
oceanica N/A High profile 0 0 4 0 27 0 0 2 0 

0.13 

ASV0226 Amphora sulcata N/A Low profile 0 31 0 0 0 0 0 0 0 
0.12 

ASV0227 Unclassified 
Entomoneis 
sp. Motile 0 0 0 0 0 5 17 0 4 

0.10 

ASV0228 Nitzschia spathulata N/A Motile 0 0 0 0 0 0 30 0 0 
0.12 

ASV0231 Tabularia laevis N/A Low profile 2 19 0 0 0 0 0 0 0 
0.08 

ASV0233 

Odontella 
mobiliensis N/A Planktonic 0 0 0 0 11 7 1 0 0 

0.08 

ASV0236 Unclassified Amphora Low profile 0 0 0 0 21 0 0 0 0 
0.08 
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ASV0237 

Navicula 
rhynchocephala var. 
hankensis N/A Motile 20 8 0 0 0 0 0 0 0 

0.11 

ASV0239 Unclassified Nitzschia Motile 0 0 0 6 19 0 0 0 0 
0.10 

ASV0240 Unclassified Amphora sp. Low profile 0 0 0 25 0 0 0 0 0 
0.10 

ASV0241 Unclassified Amphora Low profile 0 0 0 0 0 12 0 0 34 
0.18 

ASV0242 Parlibellus hamulifer N/A High profile 0 32 0 0 0 0 0 0 0 
0.13 

ASV0243 Unclassified Gomphonella Undetermined 0 0 0 14 0 0 7 0 0 
0.08 

ASV0245 Unclassified Trachyneis sp. Motile 11 19 0 0 0 0 0 0 0 
0.12 

ASV0247 Unclassified Plagiotropis Motile 0 0 0 0 0 22 0 0 0 
0.09 

ASV0248 

Cyclotella 
choctawhatcheeana N/A TychoPlanktonic 0 0 0 22 9 0 0 0 0 

0.12 

ASV0249 Navicula perminuta N/A Motile 0 0 0 0 31 0 0 0 0 
0.12 

ASV0250 Unclassified Amphora Low profile 0 0 0 0 0 5 3 0 6 
0.06 

ASV0251 Paralia sulcata N/A High profile 0 0 6 0 8 0 0 11 0 
0.10 

ASV0252 Unclassified Halamphora Low profile 0 0 0 0 0 24 0 0 0 
0.10 

ASV0254 Unclassified Nitzschia Motile 2 35 0 0 0 0 0 0 0 
0.15 

ASV0255 Unclassified Navicula Motile 0 0 0 0 0 0 0 17 0 
0.07 

ASV0257 

Cylindrotheca 
closterium N/A TychoPlanktonic 0 0 3 0 0 5 10 0 0 

0.07 

ASV0259 Chaetoceros socialis N/A Planktonic 3 0 0 0 9 0 4 0 0 
0.06 

ASV0261 Unclassified Tetramphora Motile 0 22 0 0 0 0 0 0 0 
0.09 

ASV0262 Unclassified Entomoneis Motile 0 0 5 7 0 0 0 0 30 
0.17 

ASV0263 

Chaetoceros 
tenuissimus N/A Planktonic 0 10 0 6 0 1 8 0 0 

0.10 

ASV0264 

Cylindrotheca 
closterium N/A TychoPlanktonic 0 0 0 0 3 18 0 0 0 

0.08 
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ASV0265 Unclassified Navicula Motile 0 0 0 0 0 0 18 0 0 
0.07 

ASV0266 Unclassified 
Psammodictyo
n Motile 0 0 20 0 0 0 0 0 0 

0.08 

ASV0267 Unclassified Seminavis Motile 0 0 0 0 17 0 0 0 0 
0.07 

ASV0268 Haslea ostrearia N/A Motile 0 0 0 0 0 0 16 0 0 
0.06 

ASV0269 Unclassified Achnanthidium Low profile 0 18 0 0 0 0 0 0 0 
0.07 

ASV0270 Nitzschia spathulata N/A Motile 0 0 0 17 0 0 0 0 0 
0.07 

ASV0271 Unclassified Amphora Low profile 0 0 0 1 2 7 5 0 0 
0.06 

ASV0272 Unclassified Nitzschia Motile 0 0 0 0 16 0 0 0 0 
0.06 

ASV0273 Nitzschia spathulata N/A Motile 0 0 11 0 8 0 0 0 0 
0.08 

ASV0274 Unclassified Nitzschia sp. Motile 7 12 0 0 0 0 0 0 0 
0.08 

ASV0275 Unclassified Nitzschia Motile 0 24 0 0 0 0 0 0 0 
0.10 

ASV0276 Unclassified Odontella Planktonic 0 0 10 6 0 0 5 0 0 
0.08 

ASV0278 Unclassified Nitzschia Motile 0 0 0 18 0 0 0 4 0 
0.09 

ASV0279 Unclassified Licmophora High profile 0 0 0 0 0 5 8 0 0 
0.05 

ASV0280 Unclassified Halamphora Low profile 0 0 0 13 2 0 4 0 0 
0.08 

ASV0281 Unclassified Halamphora Low profile 0 0 0 0 0 2 11 0 0 
0.05 

ASV0283 Unclassified Halamphora Low profile 0 0 21 0 0 0 0 0 0 
0.08 

ASV0284 Unclassified Donkinia Motile 0 0 0 0 14 0 0 0 0 
0.06 

ASV0285 Unclassified Achnanthidium Low profile 5 17 0 0 0 0 0 0 0 
0.09 

ASV0289 Unclassified Seminavis Motile 0 0 0 0 0 0 0 19 0 
0.08 

ASV0291 Unclassified Haslea Motile 0 0 0 0 0 6 9 0 0 
0.06 

ASV0292 Unclassified Navicula Motile 0 0 0 1 0 0 8 3 0 
0.05 

ASV0293 Pleurosigma sp. N/A Motile 0 0 0 9 0 0 10 0 0 
0.08 
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ASV0294 Unclassified Planothidium Low profile 0 16 0 0 0 0 0 0 0 
0.06 

ASV0295 

Papiliocellulus 
simplex N/A TychoPlanktonic 3 3 0 0 0 10 0 0 0 

0.06 

ASV0297 Unclassified 
Haslea/Navicul
a Motile 0 0 0 0 14 0 0 0 0 

0.06 

ASV0298 Unclassified Halamphora Low profile 2 0 0 0 4 12 0 0 0 
0.07 

ASV0299 Unclassified Cylindrotheca TychoPlanktonic 0 0 0 0 0 0 11 0 0 
0.04 

ASV0300 Unclassified Cylindrotheca TychoPlanktonic 0 0 0 17 0 0 0 0 0 
0.07 

ASV0301 Unclassified Caloneis Motile 0 0 3 0 5 0 8 0 0 
0.06 

ASV0302 Unclassified Cocconeis Low profile 0 0 0 0 0 12 0 0 0 
0.05 

ASV0305 

Haslea 
pseudostrearia N/A Motile 0 0 0 0 0 0 11 0 0 

0.04 

ASV0308 Biddulphia alternans N/A High profile 0 0 0 11 0 0 0 0 0 
0.04 

ASV0309 

Nitzschia 
volvendirostrata N/A Motile 0 0 0 0 19 0 0 0 0 

0.08 

ASV0310 Unclassified Seminavis Motile 4 15 0 0 0 0 0 0 0 
0.08 

ASV0311 Caloneis sp. N/A Motile 0 0 0 0 9 0 0 0 0 
0.04 

ASV0312 Unclassified Navicula sp. Motile 0 0 0 0 0 16 0 0 0 
0.06 

ASV0313 Unclassified Navicula Motile 0 0 0 11 0 0 0 0 0 
0.04 

ASV0314 Unclassified 
Cocconeis cf. 
sigillata Low profile 0 0 0 0 2 0 5 0 9 

0.06 

ASV0316 Amphora helenensis N/A Low profile 0 13 0 0 3 0 0 0 0 
0.06 

ASV0318 Haslea howeana N/A Motile 0 0 0 17 0 0 0 0 0 
0.07 

ASV0321 Unclassified Stricosus Undetermined 0 0 0 0 0 9 4 0 0 
0.05 

ASV0323 Unclassified Amphora sp. Low profile 0 0 0 0 0 0 8 0 15 
0.09 

ASV0327 Hyalosira delicatula N/A High profile 0 0 0 0 0 16 0 0 0 
0.06 

ASV0328 Unclassified Haslea Motile 0 0 0 0 0 0 11 0 0 
0.04 

UNIVERSITAT ROVIRA I VIRGILI 
BENTHIC DIATOM METABARCODING: DEVELOPING NEW APPROACHES TO RESEARCH AND BIOMONITORING IN AQUATIC ECOSYSTEMS 
Javier Pérez Burillo



Chapter 2 

98 
 

ASV0329 Unclassified Halamphora Low profile 0 0 0 8 4 0 0 0 0 
0.05 

ASV0330 

Cylindrotheca 
closterium N/A TychoPlanktonic 0 0 0 0 15 0 0 0 0 

0.06 

ASV0332 Unclassified Pleurosigma Motile 0 0 0 0 0 10 0 0 0 
0.04 

ASV0335 Unclassified Navicula Motile 0 0 0 0 0 0 0 0 30 
0.12 

ASV0339 Unclassified Nitzschia Motile 0 0 0 0 6 0 0 0 0 
0.02 

ASV0341 Unclassified Haslea sp. Motile 0 8 0 0 0 4 4 0 0 
0.06 

ASV0342 Unclassified Bacillaria TychoPlanktonic 0 0 0 0 0 1 8 0 0 
0.04 

ASV0343 

Navicula 
hippodontafallax N/A Motile 4 6 0 0 0 0 0 0 0 

0.04 

ASV0344 Pleurosigma sp. N/A Motile 0 18 0 0 0 0 0 0 0 
0.07 

ASV0345 

Extubocellulus 
spinifer N/A TychoPlanktonic 0 0 0 18 0 0 0 0 0 

0.07 

ASV0347 Unclassified 
Halamphora 
banzuensis Low profile 0 0 0 0 13 0 0 0 0 

0.05 

ASV0349 Unclassified Nitzschia Motile 0 0 0 0 0 8 0 0 0 
0.03 

ASV0351 Unclassified Actinoptychus TychoPlanktonic 0 0 0 0 0 0 14 0 0 
0.06 

ASV0353 Unclassified Halamphora Low profile 0 0 0 10 1 0 4 0 0 
0.06 

ASV0354 Unclassified Halamphora Low profile 0 0 0 0 5 1 0 0 0 
0.02 

ASV0355 Unclassified Nitzschia Motile 0 0 0 1 0 0 1 0 0 
0.01 

ASV0358 Unclassified Lyrella Low profile 0 0 0 13 0 0 0 0 0 
0.05 

ASV0359 

Nitzschia 
inconspicua N/A Motile 15 0 0 0 0 0 0 0 0 

0.06 

ASV0360 

Hyalodiscus 
scoticus N/A Low profile 0 15 0 0 0 0 0 0 0 

0.06 

ASV0362 Unclassified Halamphora Low profile 0 0 0 17 0 0 0 0 0 
0.07 

ASV0364 Unclassified Diploneia Low profile 0 0 0 0 11 0 0 0 0 
0.04 

ASV0366 Unclassified Halamphora Low profile 0 0 0 10 0 0 0 0 0 
0.04 
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ASV0368 Unclassified Cylindrotheca TychoPlanktonic 0 0 0 0 0 0 9 0 0 
0.04 

ASV0369 Navicula perminuta N/A Motile 0 14 0 0 0 0 0 0 0 
0.06 

ASV0373 Unclassified 
Amphora 
abludens Low profile 0 0 0 0 0 2 5 0 0 

0.03 

ASV0376 Unclassified Licmophora High profile 0 0 0 0 0 17 0 0 0 
0.07 

ASV0377 Nitzschia spathulata N/A Motile 0 0 0 0 0 0 9 0 0 
0.04 

ASV0382 Unclassified 
Halamphora 
isumiensis Low profile 0 0 0 0 5 0 0 0 0 

0.02 

ASV0383 Unclassified Amphora sp. Low profile 0 0 0 0 0 0 5 0 0 
0.02 

ASV0384 Unclassified Amphora Low profile 0 0 0 9 0 0 2 0 0 
0.04 

ASV0385 

Extubocellulus 
spinifer N/A TychoPlanktonic 0 0 0 0 3 0 0 0 0 

0.01 

ASV0387 Unclassified Protokeelia Undetermined 0 0 0 0 0 10 0 0 0 
0.04 

ASV0390 Unclassified Nitzschia Motile 0 0 0 8 0 1 0 0 0 
0.04 

ASV0391 

Serratifera 
andersonii N/A Low profile 0 0 0 0 7 0 0 0 0 

0.03 

ASV0393 

Coscinodiscus 
radiatus N/A Planktonic 0 0 0 0 4 0 0 0 0 

0.02 

ASV0394 Unclassified Hyalosynedra Low profile 0 0 0 0 5 0 0 0 0 
0.02 

ASV0397 Nitzschia spathulata N/A Motile 0 0 8 0 0 0 0 0 0 
0.03 

ASV0399 Unclassified Navicula Motile 0 0 0 0 0 0 4 0 0 
0.02 

ASV0400 Unclassified Navicula Motile 0 8 0 0 0 0 0 0 0 
0.03 

ASV0401 Nitzschia spathulata N/A Motile 0 0 9 0 0 0 0 0 0 
0.04 

ASV0402 Unclassified Nitzschia Motile 0 0 7 0 0 0 0 0 0 
0.03 

ASV0403 Unclassified Lyrella Low profile 0 0 0 6 0 0 0 0 0 
0.02 

ASV0404 Unclassified Nitzschia Motile 0 0 0 8 0 0 0 0 0 
0.03 

ASV0405 Unclassified 
Diploneis 
vacillans Low profile 0 0 0 0 3 0 0 0 0 

0.01 
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ASV0406 

Nitzschia 
inconspicua N/A Motile 0 0 0 0 3 0 0 0 0 

0.01 

ASV0409 Unclassified Entomoneis Motile 0 0 0 0 0 11 0 0 0 
0.04 

ASV0413 Unclassified 
Dimeregramm
a Low profile 0 0 0 7 0 0 0 3 0 

0.04 

ASV0415 Unclassified 
Psammodictyo
n sp. Motile 0 0 0 0 0 2 0 0 0 

0.01 

ASV0417 Unclassified 
Cylindrotheca 
sp. TychoPlanktonic 0 0 0 0 0 0 8 0 0 

0.03 

ASV0418 Unclassified Licmophora High profile 0 8 0 0 0 0 0 0 0 
0.03 

ASV0419 Unclassified Opephora sp. Low profile 0 0 0 0 4 3 0 0 0 
0.03 

ASV0420 Unclassified Halamphora Low profile 0 0 0 0 0 5 0 0 0 
0.02 

ASV0421 Unclassified Pleurosigma Motile 0 0 0 0 0 0 5 0 0 
0.02 

ASV0423 Unclassified Navicula Motile 0 0 0 8 0 0 0 0 0 
0.03 

ASV0425 Diploneis sp. N/A Low profile 0 0 0 0 0 0 6 0 0 
0.02 

ASV0426 Unclassified Halamphora Low profile 0 0 0 0 0 0 8 0 0 
0.03 

ASV0428 Unclassified Entomoneis Motile 0 0 10 0 0 0 0 0 0 
0.04 

ASV0429 

Minutocellus 
polymorphus N/A TychoPlanktonic 0 0 0 7 0 0 0 0 0 

0.03 

ASV0432 Unclassified Nitzschia Motile 0 0 6 4 0 0 0 0 0 
0.04 

ASV0434 Unclassified Plagiogramma High profile 0 0 0 0 0 8 0 0 0 
0.03 

ASV0438 Unclassified Nitzschia Motile 0 6 0 0 0 0 0 0 0 
0.02 

ASV0440 

Chaetoceros 
tenuissimus N/A Planktonic 0 0 5 0 0 0 0 0 0 

0.02 

ASV0441 Unclassified Nitzschia Motile 0 0 0 3 0 0 0 0 0 
0.01 

ASV0442 Unclassified Haslea Motile 0 0 0 0 2 0 0 0 0 
0.01 

ASV0443 Unclassified Amphora Low profile 0 0 0 0 2 0 0 0 0 
0.01 

ASV0444 Unclassified Plagiotropis Motile 0 0 0 0 8 0 0 0 0 
0.03 
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ASV0445 Unclassified Simonsenia Undetermined 0 0 0 0 7 0 0 0 0 
0.03 

ASV0447 Unclassified Halamphora Low profile 0 0 0 0 0 0 8 0 0 
0.03 

ASV0448 Nitzschia spathulata N/A Motile 0 0 0 0 0 0 1 0 0 
0.00 

ASV0449 Unclassified 
Halamphora 
sp. Low profile 0 0 10 0 0 0 0 0 0 

0.04 

ASV0452 Nitzschia spathulata N/A Motile 0 0 0 0 5 0 0 0 0 
0.02 

ASV0454 Unclassified Nitzschia Motile 0 0 0 0 0 0 4 0 0 
0.02 

ASV0456 Unclassified Papiliocellulus TychoPlanktonic 0 0 0 0 0 0 0 5 0 
0.02 

ASV0457 Nitzschia spathulata N/A Motile 0 0 7 0 0 0 0 0 0 
0.03 

ASV0460 Unclassified Hyalosynedra Low profile 0 0 0 0 5 0 0 0 0 
0.02 

ASV0465 Unclassified Entomoneis Motile 0 0 0 0 3 0 0 0 0 
0.01 

ASV0467 Plagiotropis sp. N/A Motile 0 0 0 0 6 0 0 0 0 
0.02 

ASV0471 Unclassified Cylindrotheca TychoPlanktonic 9 0 0 0 0 0 0 0 0 
0.04 

ASV0473 Unclassified Meuniera Undetermined 0 0 0 5 0 0 0 0 0 
0.02 

ASV0474 Unclassified Caloneis Motile 0 0 0 4 0 0 0 0 0 
0.02 

ASV0475 Pleurosigma sp. N/A Motile 0 0 0 4 0 0 0 0 0 
0.02 

ASV0476 Unclassified Achnanthes High profile 0 0 0 7 0 0 0 0 0 
0.03 

ASV0477 Unclassified Amphora sp. Low profile 0 0 0 0 5 0 0 0 0 
0.02 

ASV0478 Unclassified Planothidium Low profile 0 0 0 0 0 7 0 0 0 
0.03 

ASV0480 Unclassified Cylindrotheca TychoPlanktonic 0 0 0 0 0 0 5 0 0 
0.02 

ASV0481 Unclassified Nitzschia Motile 0 0 0 0 0 0 0 0 14 
0.06 

ASV0484 Unclassified Pleurosigma Motile 0 0 6 0 0 0 0 0 0 
0.02 

ASV0485 Unclassified Navicula sp. Motile 0 0 0 5 0 0 0 0 0 
0.02 

ASV0486 Unclassified Halamphora Low profile 0 0 0 5 0 0 0 0 0 
0.02 
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ASV0487 Unclassified Diploneis Low profile 0 0 0 0 1 0 0 0 0 
0.00 

ASV0490 Unclassified Pleurosigma Motile 0 0 0 0 0 5 0 0 0 
0.02 

ASV0491 Unclassified Navicula Motile 0 0 0 0 0 0 6 0 0 
0.02 

ASV0494 

Haslea 
pseudostrearia N/A Motile 0 5 0 0 0 0 0 0 0 

0.02 

ASV0495 Unclassified 
Amphora 
proteus Low profile 0 6 0 0 0 0 0 0 0 

0.02 

ASV0496 Unclassified Haslea Motile 0 0 0 3 0 0 0 0 0 
0.01 

ASV0498 

Cylindrotheca 
closterium N/A TychoPlanktonic 0 0 0 6 0 0 0 0 0 

0.02 

ASV0499 Unclassified Planothidium Low profile 0 0 0 0 3 0 0 0 0 
0.01 

ASV0501 Unclassified Navicula Motile 0 0 0 0 0 1 0 0 0 
0.00 

ASV0502 Unclassified Nitzschia Motile 0 0 0 0 0 5 0 0 0 
0.02 

ASV0505 Unclassified Halamphora Low profile 0 0 0 0 0 0 3 0 0 
0.01 

ASV0507 

Entomoneis 
paludosa N/A Motile 0 0 0 0 0 0 0 1 0 

0.00 

ASV0508 Unclassified Cocconeis Low profile 0 0 0 0 0 0 0 3 0 
0.01 

ASV0509 Entomoneis sp. N/A Motile 0 5 0 0 0 0 0 0 0 
0.02 

ASV0510 Unclassified Diploneis Low profile 0 0 1 0 0 0 0 0 0 
0.00 

ASV0512 Unclassified Navicula Motile 0 0 0 0 2 0 0 0 0 
0.01 

ASV0514 Unclassified Nitzschia Motile 0 0 0 0 2 0 0 0 0 
0.01 

ASV0516 Unclassified Amphora sp. Low profile 0 0 0 0 0 0 1 0 0 
0.00 

ASV0517 Biddulphia alternans N/A High profile 0 0 0 0 0 0 4 0 0 
0.02 

ASV0518 Unclassified Nitzschia sp. Motile 0 0 0 0 0 0 6 0 0 
0.02 

ASV0520 

Nitzschia 
microcephala N/A Motile 4 0 0 0 0 0 0 0 0 

0.02 

ASV0521 Unclassified Amphora Low profile 2 0 0 0 0 0 0 0 0 
0.01 
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ASV0522 Unclassified Amphora Low profile 0 2 0 0 0 0 0 0 0 
0.01 

ASV0528 Unclassified Nitzschia Motile 0 0 0 0 0 0 0 3 0 
0.01 

ASV0530 Unclassified Nitzschia Motile 5 0 0 0 0 0 0 0 0 
0.02 

ASV0531 Unclassified Seminavis Motile 0 4 0 0 0 0 0 0 0 
0.02 

ASV0534 Unclassified Cocconeis Low profile 0 0 0 0 2 0 0 0 0 
0.01 

ASV0538 Unclassified Navicula Motile 0 0 0 0 3 0 0 0 0 
0.01 

ASV0539 Nitzschia frustulum N/A Motile 0 0 0 0 2 0 0 0 0 
0.01 

ASV0540 Unclassified Navicula Motile 0 0 0 0 4 0 0 0 0 
0.02 

ASV0541 Unclassified Diploneis Low profile 0 0 0 0 0 4 0 0 0 
0.02 

ASV0542 

Arcocellulus 
mammifer N/A TychoPlanktonic 0 0 0 0 0 1 0 0 0 

0.00 

ASV0543 Unclassified Diploneis Low profile 0 0 0 0 0 0 0 2 0 
0.01 

ASV0546 Unclassified Halamphora Low profile 0 0 0 0 0 0 0 0 12 
0.05 

ASV0548 Unclassified Amphora Low profile 0 0 0 0 0 0 0 0 6 
0.02 

ASV0549 Nitzschia spathulata N/A Motile 4 0 0 0 0 0 0 0 0 
0.02 

ASV0551 Divergita toxoneides N/A High profile 0 0 3 0 0 0 0 0 0 
0.01 

ASV0553 Unclassified Halamphora Low profile 0 0 0 2 0 0 0 0 0 
0.01 

ASV0556 Unclassified 
Pleurosigma 
sp. Motile 0 0 0 3 0 0 0 0 0 

0.01 

ASV0557 Hyalosira delicatula N/A High profile 0 0 0 0 0 0 1 0 0 
0.00 

ASV0558 

Neosynedra 
provincialis N/A High profile 0 0 0 0 0 0 0 3 0 

0.01 

ASV0560 Unclassified Amphora Low profile 3 0 0 0 0 0 0 0 0 
0.01 

ASV0561 

Striatella 
unipunctata N/A High profile 0 1 0 0 0 0 0 0 0 

0.00 

ASV0565 Unclassified Tetramphora Motile 0 0 0 4 0 0 0 0 0 
0.02 
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ASV0568 Unclassified Amphora Low profile 0 0 0 0 4 0 0 0 0 
0.02 

ASV0569 Unclassified 
Tryblionella cf. 
compressa Motile 0 0 0 0 1 0 0 0 0 

0.00 

ASV0570 Unclassified Thalassiosira Planktonic 0 0 0 0 0 1 0 0 0 
0.00 

ASV0572 Unclassified Nitzschia Motile 0 0 0 0 0 3 0 0 0 
0.01 

ASV0573 Unclassified Nitzschia Motile 0 0 0 0 0 1 0 0 0 
0.00 

ASV0574 Unclassified Nitzschia Motile 0 0 0 0 0 4 0 0 0 
0.02 

ASV0576 Unclassified Nitzschia Motile 0 0 0 0 0 2 0 0 0 
0.01 

ASV0580 Unclassified Diploneis Low profile 0 0 0 0 0 0 0 1 0 
0.00 

ASV0581 Unclassified Schizostauron Undetermined 0 0 0 0 0 0 0 0 8 
0.03 

ASV0584 Unclassified 
Grammatophor
a High profile 0 3 0 0 0 0 0 0 0 

0.01 

ASV0585 Unclassified Sellaphora Motile 0 2 0 0 0 0 0 0 0 
0.01 

ASV0586 

Cylindrotheca 
closterium N/A TychoPlanktonic 0 0 3 0 0 0 0 0 0 

0.01 

ASV0587 Unclassified Proschkinia Low profile 0 0 1 0 0 0 0 0 0 
0.00 

ASV0588 

Striatella 
unipunctata N/A High profile 0 0 2 0 0 0 0 0 0 

0.01 

ASV0589 Unclassified Auricula Low profile 0 0 0 2 0 0 0 0 0 
0.01 

ASV0591 Unclassified Planothidium Low profile 0 0 0 0 4 0 0 0 0 
0.02 

ASV0592 

Asterionellopsis 
guyunusae N/A Planktonic 0 0 0 0 0 1 0 0 0 

0.00 

ASV0598 Unclassified Nitzschia Motile 0 0 0 0 0 2 0 0 0 
0.01 

ASV0603 Unclassified Planothidium Low profile 0 0 0 0 0 0 0 5 0 
0.02 

ASV0605 Unclassified Navicula Motile 0 3 0 0 0 0 0 0 0 
0.01 

ASV0606 Unclassified Navicula Motile 0 0 0 2 0 0 0 0 0 
0.01 

ASV0611 

Chaetoceros 
diversus N/A Planktonic 0 0 0 3 0 0 0 0 0 

0.01 
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ASV0614 Unclassified Nitzschia Motile 0 0 0 0 1 0 0 0 0 
0.00 

ASV0615 Unclassified Proschkinia Low profile 0 0 0 0 1 0 0 0 0 
0.00 

ASV0624 Unclassified Protokeelia Undetermined 0 0 0 0 0 0 0 2 0 
0.01 

ASV0628 Unclassified Nitzschia Motile 0 0 0 0 0 0 0 0 4 
0.02 

ASV0631 Unclassified Chaetoceros Planktonic 0 2 0 0 0 0 0 0 0 
0.01 

ASV0633 Unclassified Nitzschia Motile 0 1 0 0 0 0 0 0 0 
0.00 

ASV0635 Unclassified Pinnularia Undetermined 0 0 2 0 0 0 0 0 0 
0.01 

ASV0653 

Chaetoceros 
decipiens N/A Planktonic 0 0 0 0 0 4 0 0 0 

0.02 

ASV0658 Unclassified 
Pseudostauros
ira Undetermined 0 0 0 0 0 1 0 0 0 

0.00 

ASV0660 Unclassified Licmophora High profile 0 0 0 0 0 0 1 0 0 
0.00 

ASV0664 Unclassified Achnanthes High profile 1 0 0 0 0 0 0 0 0 
0.00 

ASV0667 Unclassified Halamphora Low profile 0 3 0 0 0 0 0 0 0 
0.01 

ASV0669 Unclassified Navicula Motile 0 2 0 0 0 0 0 0 0 
0.01 

ASV0673 Cyclotella sp. N/A TychoPlanktonic 0 1 0 0 0 0 0 0 0 
0.00 
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Supplementary table 3. List of all diatom species recorded in this study showing the 

specific method or methods that identified (indicated by √) each of them. Note that 

Thalassiosira profunda is not listed in the table as detected by LM because it was not 

found during the count of 300-400 valves but it was detected by a more exhaustive 

examination of the slides after analysing the metabarcoding data. 

 

Species 
Detected 
exclusively 
by LM 

Detected 
exclusively by 
DNA 
metabarcoding 

Detected by 
both 
methods 

Achnanthes brevipes   √   

Achnanthes longipes     √ 

Achnanthes meridionalis √     

Achnanthes pseudogroenlandica √     

Achnanthes sanctipauli √     

Actinoptychus octonarius   √   

Amicula specululum √     

Amphora abludens   √   

Amphora caroliniana √     

Amphora exilitata √     

Amphora fusca   √   

Amphora helenensis     √ 

Amphora immarginata √     

Amphora inconspicua √     

Amphora incrassata √     

Amphora kolbei √     

Amphora marina √     

Amphora micrometra √     

Amphora pannucea √     

Amphora proteus   √   

Amphora sulcata   √   

Arcocellulus mammifer   √   

Ardissonea crystallina √     

Asterionellopsis guyunusae   √   

Berkeleya fennica     √ 

Berkeleya rutilans √     

Berkeleya scopulorum √     

Biddulphia alternans   √   

Caloneis formosa var. densestriata √     

Caloneis liber √     

Chaetoceros decipiens   √   

Chaetoceros diversus   √   

Chaetoceros socialis   √   

Chaetoceros tenuissimus   √   
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Cocconeis barleyi √     

Cocconeis costata √     

Cocconeis diaphana √     

Cocconeis dirupta √     

Cocconeis distans √     

Cocconeis euglypta √     

Cocconeis krammeri √     

Cocconeis molesta √     

Cocconeis neothumensis  var marina √     

Cocconeis pelta √     

Cocconeis peltoides √     

Cocconeis scutellum √     

Cocconeis septentrionalis √     

Coscinodiscus radiatus   √   

Craspedostauros constricta   √   

Cyclophora tenuis √     

Cyclotella choctawhatcheeana     √ 

Cylindrotheca closterium   √   

Delphineis livingstonii √     

Diploneis decipiens var. parallela √     

Diploneis vacillans     √ 

Ditylum intricatum   √   

Divergita toxoneides     √ 

Entomoneis decussata √     

Entomoneis infula   √   

Entomoneis paludosa   √   

Extubocellulus spinifer   √   

Fallacia floriniae √     

Fallacia forcipata √     

Gedaniella guenter-grassii √     

Gedaniella panicellus   √   

Grammatophora marina √     

Grammatophora oceanica     √ 

Gyrosigma coelophilum √     

Halamphora  coffeaeformis √     

Halamphora acutiuscula √     

Halamphora banzuensis   √   

Halamphora isumiensis   √   

Halamphora kolbei √     

Halamphora maritima   √   

Halamphora semperpalorum √     

Halamphora spriggerica √     

Halamphora tenerrima √     
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Halamphora yundangensis √     

Haslea howeana   √   

Haslea ostrearia   √   

Haslea pseudostrearia   √   

Hyalodiscus scoticus   √   

Hyalosira delicatula   √   

Hyalosynedra laevigata √     

Hyalosynedra lanceolata   √   

Hyalosynedra parietina √     

Hyalosynedra sub-laevigata √     

Licmophora abbreviata     √ 

Licmophora debilis √     

Licmophora flabellata √     

Licmophora oedibus √     

Licmophora paradoxa     √ 

Lunella ghalebii √     

Mastogloia acutiuscula √     

Mastogloia binotata √     

Mastogloia biocellata √     

Mastogloia crucicula √     

Mastogloia cuneata √     

Mastogloia erythraea √     

Mastogloia ovata √     

Mastogloia ovulum √     

Mastogloia pusilla √     

Mastogloia robusta √     

Melosira nummuloides     √ 

Minutocellus polymorphus   √   

Nanofrustulum shiloi     √ 

Navicula avium   √   

Navicula bipustulata √     

Navicula cancellata √     

Navicula gregaria √     

Navicula hippodontafallax   √   

Navicula johnsonii √     

Navicula normalis √     

Navicula normaloides √     

Navicula pavillardi √     

Navicula perminuta     √ 

Navicula phyllepta √     

Navicula phylleptosoma √     

Navicula ramosissima √     

Navicula rhynchocephala var. hankensis   √   
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Navicula salinarum √     

Navicula subagnita √     

Navicula veneta √     

Neosynedra provincialis     √ 

Nitzschia adhaerens   √   

Nitzschia angularis √     

Nitzschia composita √     

Nitzschia dalmatica   √   

Nitzschia dissipata √     

Nitzschia fontifuga   √   

Nitzschia frustulum     √ 

Nitzschia grossestriata √     

Nitzschia inconspicua     √ 

Nitzschia insignis √     

Nitzschia liebetruthii √     

Nitzschia linkei √     

Nitzschia martiana √     

Nitzschia microcephala     √ 

Nitzschia navicularis √     

Nitzschia ovalis   √   

Nitzschia paleacea √     

Nitzschia sigma √     

Nitzschia socialis √     

Nitzschia spathulata   √   

Nitzschia traheaformis   √   

Nitzschia vidovichi √     

Nitzschia volvendirostrata   √   

Odontella mobiliensis   √   

Opephora horstiana √     

Opephora pacifica √     

Papiliocellulus simplex   √   

Paralia sulcata   √   

Parlibellus berkeleyi     √ 

Parlibellus hamulifer   √   

Plagiogramma minus √     

Plagiogramma nanum √     

Plagiotropis pusilla √     

Proschkinia browderiana √     

Psammodictyon coarctata √     

Pteroncola marina √     

Rhopalodia acuminata √     

Seminavis robusta     √ 

Serratifera andersonii   √   
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Skeletonema costatum   √   

Striatella unipunctata     √ 

Tabularia investiens √     

Tabularia laevis   √   

Tetramphora ostrearia √     

Tetramphora sulcata √     

Thalassionema bacillaris √     

Thalassionema nitzschioides var. lanceolata √     

Thalassiosira angulata   √   

Thalassiosira profunda   √   

Toxarium undulatum √     

Trachyneis aspera √     

Tryblionella apiculata √     
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Supplementary Table 4. Comparison of Sørensen similarity index values between the 

LM and DNA metabarcoding methods. Index values are represented in a reddish 

(highest values) to bluish scale (lowest values). 

LM 
E5 - 
Crassostr
ea gigas 

E8 - 
Crassostr
ea gigas 

E9 - 
Pinna 
nobili
s 
biofil
m 

E10 - 
Pinna 
nobilis 
sedime
nt 

E11 - 
Pinna 
nobili
s 
biofil
m 

E12 - 
Pinna 
nobili
s 
biofil
m 

E13 - 
Pinna 
nobilis 
sedime
nt 

E14 - 
Cymodoc
ea 
nodosa 

E8 - Crassostrea gigas 0.32               

E9 - Pinna nobilis biofilm 0.19 0.35             

E10 - Pinna nobilis 
sediment 

0.24 0.29 0.39           

E11 - Pinna nobilis 
biofilm 

0.26 0.37 0.37 0.47         

E12 - Pinna nobilis 
biofilm 

0.22 0.33 0.34 0.32 0.48       

E13 - Pinna nobilis 
sediment 

0.21 0.33 0.34 0.49 0.48 0.35     

E14 - Cymodocea 
nodosa 

0.24 0.39 0.31 0.30 0.32 0.43 0.30   

E15 - Caulerpa prolifera 0.3 0.37 0.39 0.39 0.40 0.43 0.41 0.50 

                  

DNA metabarcoding 
E5 - 
Crassostr
ea gigas 

E8 - 
Crassostr
ea gigas 

E9 - 
Pinna 
nobili
s 
biofil
m 

E10 - 
Pinna 
nobilis 
sedime
nt 

E11 - 
Pinna 
nobili
s 
biofil
m 

E12 - 
Pinna 
nobili
s 
biofil
m 

E13 - 
Pinna 
nobilis 
sedime
nt 

E14 - 
Cymodoc
ea 
nodosa 

E8 - Crassostrea gigas 0.60               

E9 - Pinna nobilis biofilm 0.55 0.63             

E10 - Pinna nobilis 
sediment 

0.71 0.63 0.73           

E11 - Pinna nobilis 
biofilm 

0.51 0.57 0.62 0.54         

E12 - Pinna nobilis 
biofilm 

0.53 0.55 0.58 0.54 0.67       

E13 - Pinna nobilis 
sediment 

0.38 0.4 0.48 0.45 0.47 0.39     

E14 - Cymodocea 
nodosa 

0.38 0.42 0.52 0.50 0.48 0.39 0.70   

E15 - Caulerpa prolifera 0.60 0.62 0.65 0.66 0.61 0.61 0.43 0.47 
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Supplementary Table 5. List of non-diatom ASVs, giving the algal class to which each is assigned by a combination of blastn search and (for 

ochrophyte ASVs) phylogenetic analysis (Fig. 4), together with (1) the number of reads of each ASV, (2) the number of samples in which it was 

recorded, (3) the identity, accession number, and % similarity of the top hit in GenBank, (4) the distribution of reads among the nine samples 

studied, (5) the relative abundances (between in parentheses next to the number of reads) of the ASVs in the nine samples. Also included are 

the total numbers of reads for each sample and the total number of non-diatom ASVs in each sample. Colours used for representing phyla and 

classes correspond to the colours code given in Fig. 4. 

ASV 
id 

Phylum or 
(Ochrophyta) 
Class 

identification 
of closest 
Blastn hit 

GenBank 
accession 

% similarity 
to Blastn 
hit 

E5 - 
Crassostr
ea gigas 

E8 - 
Crassostr
ea gigas 

E9 - 
Pinna 
nobilis 
biofilm 

E10 - 
Pinna 
nobilis 
sediment 

E11 - 
Pinna 
nobilis 
biofilm 

E12 - 
Pinna 
nobilis 
biofilm 

E13 - 
Pinna 
nobilis 
sediment 

E14 - 
Cymodoc
ea 
nodosa 

E15 - 
Caulerpa 
prolifera 

0078 Phaeophyceae 
Nemacystus 
decipiens 

LC382528 98,85 - - - - - 
316 
(1,91% ) 

- - 7 (0,13% ) 

0128 Phaeophyceae 
Streblonema 
maculans 

AY157694 100 
48 
(0,35%)  

134 
(0,89%) 

- - - - - - - 

0158 Pelagophyceae 
Aureoumbra 
geitleri 

MT469981 95,06 - - - - - 
137 
(0,83%) 

- - - 

0183 Eustigmatophyceae 
uncultured 
phytoplankton 
clone 

KJ471775 100 - - 4 (0,03%) 8 (0,05%) 
62 
(0,33%) 

9 (0,05%) 
28 
(0,14%) 

- - 

0206 Pelagophyceae 
Chrysoreinhar
dia giraudii 

MF927464 100 - - 
64 
(0,43%) 

- - 
29 
(0,18%) 

- - - 

0260 Phaeophyceae 
Elachista 
stellaris 

LC016514 98,86 - - - - - 
41 
(0,25%) 

- 
20 
(0,09%) 

- 

0282 Phaeophyceae 
Nemacystus 
decipiens 

LC382528 97,34 - - - - - 
51 
(0,31%) 

3 (0,02%) - - 

0287 Pelagophyceae 
Chrysoreinhar
dia muelleri 

MF927466 96,96 - - - - - 
51 
(0,31%) 

- - - 

0303 Rhodophyta 
Grania 
efflorescens 

KC134334 94,3 - - - - - 
44 
(0,27%) 

- - - 

0326 Pelagophyceae 
Aureoumbra 
geitleri 

MT469981 95,82 - - - - - 
39 
(0,24%) 

- - - 

0334 Phaeophyceae 
Myrionema 
balticum 

AY157694 97,72 - - - - - - - 
38 
(0,18%) 

- 

0350 Chlorophyta 
Pseudendoclo
nium akinetum 

AY835431 89,31 - - - - - 
34 
(0,21%) 

- - - 

0371 Phaeophyceae 
Sphacelaria 
tribuloides 

AJ287891 97,34 - - - - 
28 
(0,15%) 

- - - - 
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0407 Chlorophyta 
Umbraulva 
yunseulla 

MT978110 93,18 - - - - 
22 
(0,12%) 

- - - - 

0416 Chlorophyta 
Umbraulva 
yunseulla 

MT978110 95,45 - - - - - 
21 
(0,13%) 

- - - 

0450 Pelagophyceae 
Chrysoreinhar
dia giraudii 

MF927464 91,63 - - - 9 (0,06%) - - 7 (0,04%) - - 

0461 Chlorophyta 
Blidingia 
marginata 

HQ603480 88,35 - - - - 
15 
(0,08%) 

- - - - 

0463 Chlorophyta 
Pseudendoclo
nium akinetum 

AY835431 87,79 - - - - - 
15 
(0,09%) 

- - - 

0472 Chlorophyta 
Strombidium 
sp. 

AY257112 96,99 14 (0,1%) - - - - - - - - 

0479 Synchromophyceae 
Synchroma 
pusillum 

JN004156 95,4 - - - - - 
13 
(0,08%) 

- - - 

0511 
Chrysomeridophyc
eae 

Chrysowaernel
la 
hieroglyphica 

HQ710595 89,66 - - - 
10 
(0,07%) 

- - - - - 

0550 Chlorophyta 
Ulvella 
leptochaete 

MN515040 96,62 - 8 (0,05%) - - - - - - - 

0555 Dictyochophyceae 
uncultured 
phytoplankton 
clone 

AF381735 97,32 - - - 7 (0,05%) - - - - - 

0578 
Chrysomeridophyc
eae 

Chrysowaernel
la 
hieroglyphica 

HQ710595 89,96 - - - - - - 6 (0,03%) - - 

0594 Phaeophyceae 
Hincksia 
sordida 

MT469950 96,2 - - - - - 5 (0,03%) - - - 

0599 Ochrophyta 

Ophiocytium 
sp. (but see 
also 
Chattonella) 

MK482704 89,96 - - - - - - 5 (0,03%) - - 

0600 Pelagophyceae 
Aureococcus 
anophageffere
ns 

HQ710615 88,12 - - - - - - 5 (0,03%) - - 

0612 Dictyochophyceae 
Apedinella 
radians 

HQ710599 99,24 - - - 4 (0,03%) - - - - - 

0621 Phaeophyceae Padina fraseri AB690274 87,16 - - - - - - 4 (0,02%) - - 

0626 Phaeophyceae 
Myrionema 
balticum 

AY157694 97,34 - - - - - - - - 4 (0,07%) 
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0627 Chlorophyta 
Blidingia 
marginata 

HQ603480 88,35 - - - - - - - - 4 (0,07%) 

0638 Raphidophyceae 
Chattonella 
subsalsa 

HQ710628 97,72 - - - 3 (0,02%) - - - - - 

0639 Phaeophyceae 
Elachista 
stellaris 

LC016514 98,48 - - - 3 (0,02%) - - - - - 

0640 Chlorophyta 
Picochlorum 
sp. 

KM202138 97,37 - - - 3 (0,02%) - - - - - 

0647 Pinguiophyceae 
Pinguiococcus 
pyrenoidosus 

AF438319 90,49 - - - - - 3 (0,02%) - - - 

0651 Pelagophyceae 
Aureococcus 
anophageffere
ns 

HQ710615 89,19 - - - - - 3 (0,02%) - - - 

0652 Chrysophyceae? 
uncultured 
phytoplankton 
clone 

KJ471838 93,54 - - - - - 3 (0,02%) - - - 

0657 Chlorophyta 
Tetraselmis 
contracta 

MK482405 79,7 - - - - - 3 (0,02%) - - - 

0677 Rhodophyta 
Acrochaetium 
plumosum 

MF543840 94,27 - - - - - - - 2 (0,01%) - 

0678 Synchromophyceae 
Synchroma 
pusillum 

JN004156 96,96 - - - - - - - 2 (0,01%) - 

0679 Rhodophyta 
Pneophyllum 
sp. 

KM369158 95,44 - - - - - - - - 2 (0,04%) 

              

  
Total reads per 
sample 13841 14976 14734 14987 18753 16546 19389 21162 5427 

 

  

Total non-

diaom ASVs 

per sample 

 

2 2 2 8 4 18 7 4 4  
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Supplementary Table 6. Comparison of Shannon diversity index values obtained by DNA 

metabarcoding and LM methods for the samples analysed in this study and for the 

samples corresponding to two biomonitoring campaigns held in Catalan rivers (NE 

Spain) during 2017 (ACA2017) and 2018 (ACA 2018). The indexes were computed on 

diatom taxa relative abundance and were based on natural logarithms. In the case of 

DNA ACA 2017 and ACA 2018 inventories, diatom taxa constituted those ASVs that 

were classified into diatoms taxa with a percentage of bootstrapping value ≥ 85%. 

Molecular inventories of ACA17 and ACA18 were rarefied into the minimum number of 

reads detected in a sample from this study (i.e. 5418 reads).  

 

Inventory Method 
Shannon 
index 
Average 

Shannon 
Index 
Maximum 

Shannon 
Index 
Minimum 

Shannon 
index 
Standard 
deviation 

This study LM 3.29 3.74 2.61 0.41 
This study DNA 

metabarcoding 
2.50 3.04 1.59 0.50 

ACA 2017 LM 2.13 3.34 0.21 0.56 
ACA 2017  DNA 

metabarcoding 
2.11 3.09 0.85 0.51 

ACA 2018 LM 1.99 3.24 1.07 0.40 
ACA 2018  DNA 

metabarcoding 
2.17 3.15 0.98 0.44 
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Supplementary Table 7. Identifiability analyses for the ASVs obtained in the 

samples analysed in this study and in the samples corresponding to the 

biomonitoring campaigns held in Catalan rivers (NE Spain) during 2017 

(ACA2017) and 2018 (ACA 2018). The table shows the total number of ASVs 

(Column C) that match at different similarity levels, from 100% to 95% (Column 

B), with reference sequences included in Diat.barcode v9 and the extent to which 

this number of ASVs accounts for both the total number of ASVs classified as 

diatoms (Column D) and the diatom relative abundance recorded in each 

inventory (Column E). Note that ASVs considered as diatoms were those that 

were classified by the Näive Bayesian classifier into the Bacillariophyta with a 

bootstrapping value equal to 100%. To allow inter-sample comparisons between 

inventories, data were rarefied to the minimum number of reads recorded in a 

sample from this study (i.e. 5427 reads). ACA2017 and ACA2018 inventories 

were composed by 162 and 125 samples respectively. 

 

A) 
Inventory  

B) 
Percentage 
of similarity  

C) Number of ASVs sharing 
the similarity percentage 
(Column B) with reference 
sequences included in 
Diat.barcode v9 

D) Contribution to 
the total number 
of diatom ASVs 

E) Contribution to 
diatom relative 
abundance (%) 

This study 100 % 40 6.86% 8.75% 

This study ≥ 99 % 72 12.35% 32.22% 

This study ≥ 98 % 125 21.44% 38.57% 

This study ≥ 97 % 183 31.39% 52.05% 

This study ≥ 96 % 270 46.31% 66.79% 

This study ≥ 95 % 348 59.69% 76.66% 

     

ACA 2017 100 % 317 16.75% 65.00% 

ACA 2017 ≥ 99 % 828 43.76% 81.71% 

ACA 2017 ≥ 98 % 1131 59.78% 89.01% 

ACA 2017 ≥ 97 % 1271 67.18% 91.14% 

ACA 2017 ≥ 96 % 1420 75.05% 94.30% 

ACA 2017 ≥ 95 % 1563 82.61% 96.96% 

     

ACA 2018 100 % 332 18.20% 59.88% 

ACA 2018 ≥ 99 % 672 36.84% 79.01% 

ACA 2018 ≥ 98 % 918 50.33% 87.77% 

ACA 2018 ≥ 97 % 1057 57.95% 90.65% 

ACA 2018 ≥ 96 % 1220 66.88% 94.10% 

ACA 2018 ≥ 95 % 1390 76.21% 96.84% 
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Supplementary Fig 1.  Non-metric multidimensional scaling of the Bray-Curtis 

dissimilarity calculated on the relative abundance of the diatom ASVs inventory that did 

not include the ASV taxonomically assigned as Thalassiora profunda.
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Evaluation of two short and similar rbcL markers for diatom metabarcoding of environmental 

samples: effects on biomonitoring assessment and species resolution. 

Javier Pérez-Burillo1,2, David G. Mann1,3 & Rosa Trobajo1 

1IRTA-Institute for Food and Agricultural Research and Technology, Marine and Continental Waters 

Programme. Ctra de Poble Nou Km 5.5, E43540, Sant Carles de la Ràpita, Tarragona, Spain 

2Departament de Geografia, Universitat Rovira i Virgili, C/ Joanot Martorell 15, E43500, Vila-seca, 

Tarragona, Spain 

3Royal Botanic Garden Edinburgh, Edinburgh, EH3 5LR, Scotland, UK 

 

Abstract 

Two short diatom rbcL barcodes, 331-bp and 263-bp in length, have frequently been used in diatom 

metabarcoding studies. They overlap in a common 263-bp region but differ in the presence or 

absence of a 68-bp tail at the 5′ end. Though the effectiveness of both has been demonstrated in 

separate biomonitoring and diversity studies, the impact of the 68-bp non-shared region has not 

been evaluated. Here we compare the two barcodes in terms of the values of a biotic index (IPS) 

and the ecological status classes derived from their application to an extensive metabarcoding 

dataset from United Kingdom rivers; this comprised 1703 samples and was produced using the 331-

bp primers. In addition, we assess the effectiveness of each barcode for discrimination of genetic 

variants around and below the species level. The strong correlation found in IPS values between 

barcodes indicates that the choice of the barcode does not have major implications for current WFD 

ecological assessments, although a very few sites were downgraded from WFD acceptable classes 

(“good” / “high”) to unacceptable classes (“moderate” / “poor” / “bad”). Analyses of the taxonomic 

resolution of the two barcodes indicate that for many ASVs, the use of either marker – 263-bp and 

331-bp – gives unambiguous assignations at the species level though with differences in bootstrap 

confidence values. Such differences are caused by the stochasticity involved in the naïve Bayesian 

classifier used and by the fact that genetic distance, regarding closely related species, is increased 

when using the 331-bp barcode. However, in some specific cases, species differentiation fails with 

the shorter marker, leading to underestimates of species diversity. For example, use of the longer 

barcode allows classification of three ASVs as Surirella brebisonii, Halamphora montana and 

Fragiliara agnesiae, whereas each of these ASVs are identical to several different species with the 

263-bp marker, some of them associated with different ecological preferences. Use of the shorter 

marker can sometimes lead to false positives when the extent and nature of infraspecific variation 

are poorly known. 

Key words: Water Framework Directive, ecological assessment, infraspecific variation, High-

throughput sequencing, species discrimination,  
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1. Introduction  

Diatom DNA metabarcoding of environmental samples has proved to be an efficient 

method for biomonitoring purposes and the study of species diversity (e.g. Bailet et al., 

2019; De Luca et al., 2021; Kelly et al., 2020; Mortágua et al., 2019; Pérez-Burillo et al., 

2020; Stoof-Leichsenring et al., 2020; Vasselon et al., 2017). This method 

(metabarcoding of environmental samples) is based on high-throughput sequencing 

(HTS) of a particular barcode of interest that must offer good resolution at species level. 

The reduced cost and the availability of MiSeq sequencing technology have made it the 

most often used HTS technology nowadays, superceding previous technologies (e.g. 

454 GS-FLX with achievable read-lengths of 900-bp, Ion Torrent). However, MiSeq 

platforms provide high quality reads for a short region of only around 400-bp and 

therefore the barcodes used for metabarcoding with this technology must be 

correspondingly short. The two main markers used for diatom metabarcoding studies are 

the V4 region of the nuclear 18S rRNA gene and a region within the plastid rbcL gene, 

both regions being circa 300-400 bp long (including primers). The rbcL marker is more 

often used, partly because it was designed specifically for diatoms, and because it is 

better covered by Diat.barcode (Rimet et al., 2019), which is the most complete and 

curated reference library available for diatom metabarcoding to date. Furthermore, 

overall rbcL gives better discrimination between closely related species than 18S rDNA 

(e.g. Evans et al. 2007, p. 357; Urbánková & Veselá, 2013). Consequently, better and 

more confident taxonomic resolution can be achieved when using rbcL compared to 18S 

rDNA (Apothéloz-Perret-Gentil et al. 2021; Bailet et al., 2020).  

In this context, two similar barcodes of the rbcL gene have been developed 

independently by different research groups for diatom metabarcoding. One of these 

barcodes covers a region of 263-bp and is amplified by the primer pair Diat_rbcL_708F 

(Stoof-Leichsenring et al., 2012) and R3 (Bruder & Medlin 2007). These primers were 

further degenerated by Vasselon et al. (2017), in order to cover a wider diversity of 

diatoms, resulting in three forward primers (Diat_rbcL_708F1, Diat_rbcL_708F2 and 

Diat_rbcL_708F3) and two reverse primers (R3_1 and R3_2). The second barcode 

includes the same 263-bp region as the previous one but has an extra tail of 68-bp 

located at the 5′ end. This latter, developed by Kelly et al. (2018, 2020), therefore 

comprises 331 bp and is amplified by the primer pair rbcL-646F and rbcL-998R. Thus, 

although both barcodes overlap in the shared region of 263-bp, they could potentially 

differ in their ability to discriminate between species, which would be relevant for 

biodiversity analyses but also for the monitoring and management of freshwater rivers 

covered by the Water Framework Directive (WFD), since the diatom indices computed 
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for such purposes, such as the Indice de Polluosensibilité Spécifique (IPS; Cemagref, 

1982), rely on species composition and relative abundance. Both barcodes (hereafter 

referred to as the 263- and 331-bp markers) have been demonstrated to be effective for 

biomonitoring and diversity analyses (e.g. Kang et al., 2021; Kelly et al., 2018, 2020; 

Rimet et al., 2018b; Rivera et al., 2020). Nevertheless, we might hypothesize that the 

68-bp tail might confer an advantage for species assignment in two ways. On the one 

hand, it might be possible that related species are identical in the 263-bp shared region 

but differ at variable sites in the extra 5′ tail. On the other hand, the accuracy of some 

automated methods commonly applied for classifying metabarcoding data increases as 

the length of the query sequence increases (Porter et al., 2014; Karim & Abid, 2021). In 

this regard, it might be expected that the longer 331-bp barcode could increase the 

effectiveness of the Naïve Bayesian classifier (Wang et al. 2007), a Kmer-based method 

that is one of the most commonly implemented classifiers for assigning reads to named 

taxa in metabarcoding studies.  

These two aspects have not yet, to our knowledge, been explored for the two similar 

diatom rbcL markers. Therefore, this study aimed to (1) compare the effect of choosing 

one or the other marker on WFD ecological assessments through the comparison of IPS 

scores: is there any significant advantage in using the longer marker? (2) assess the 

effectiveness of the two markers for discriminating genetic variants at or below the 

species level. For achieving these aims, we used a large dataset of environmental 

samples collected during several biomonitoring campaigns in UK rivers (Kelly et al. 2018, 

2020). 

 

2. Material and Methods 

2.1 Dataset and bioinformatics analyses 

The dataset used in this study comprised 1703 benthic diatom samples that were 

originally taken as part of routine WFD biomonitoring programmes of UK rivers held in 

2014, 2016 and 2017 (Kelly et al., 2018, 2020). High-throughput sequencing (HTS) of 

these samples was based on the 331-bp rbcL marker amplified by the rbcL-646F and 

rbcL-998R primers, and we were supplied with the fastq files from MiSeq output. Further 

details about the preparation of samples for HTS are described in Kelly et al. (2018, 

2020). We conducted bioinformatics analyses on the forward (R1) and reverse (R2) 

reads to generate the Amplicon Sequence Variants (ASVs) that constituted the 

fundamental units on which further examinations were carried out. ASVs were generated 

using the R package DADA2 (Callahan et al., 2016) and the different runs (a total of 10) 
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were analysed separately. The rbcL-646F and rbcL-998R primers were removed from 

R1 and R2 reads using cutadapt (Martin, 2011). Then, the R1 and R2 reads were 

truncated to 220–240 and 160–180 nucleotides respectively, based on their quality 

profiles (median quality score < 30), and those reads with ambiguities or showing an 

expected error (maxEE) higher than 2 were removed. The DADA2 denoising algorithm 

was then applied to determine an error rates model in order to infer amplicon sequence 

variants (ASVs). Finally, ASVs detected as chimeras were discarded using the DADA2 

function “removeBimeraDenovo”. Since the ASVs generated were based on the 331-bp 

rbcL marker, they also contained the 263-bp region targeted by the three forward primers 

Diat_rbcL_708F1, Diat_rbcL_708F2 and Diat_rbcL_708F3 and the two reverse primers 

R3_1 and R3_2. To avoid any incongruence during the comparative analyses of the two 

markers, the only ASVs selected for further analyses were those in which the forward 

primers Diat_rbcL_708F1, Diat_rbcL_708F2 or Diat_rbcL_708F3 were also identified. 

For this, cutadapt was applied again, this time on the 331-bp ASVs already generated, 

to unambiguously identify and remove these primers specifically designed for the 263-

bp marker. Thus, two datasets with the same number of ASVs were finally generated, 

one containing ASVs with a total length of 331-bp (i.e. those based on the rbcL-646F 

and rbcL-998R primers) and a second one including the same ASVs but truncated to a 

length of 263-bp. 

We emphasize here that this was not a study based on laboratory application of the two 

sets of primers to the same samples. This would be interesting and, as far as we know, 

has never been undertaken, but it would introduce extra variables whose effects we did 

not set out to determine. The first is clearly that the forward primers of the two markers 

are very unlikely to be exactly equivalent in their selectivity. For example, judging by the 

spread of chrophyte, rhodophyte and chlorophyte taxa represented in 331-bp and 263-

bp datasets (the UK dataset analysed here and the French–Catalan datasets of Rivera 

et al. 2020 and Pérez-Burillo et al. 2021), the 331-bp primers are less specific for diatoms 

than the 263-bp primers (our unpublished data). Furthermore, although the region 

amplified by the two markers have the same 3′ terminus, the reverse primers also differ: 

the R3_1/R3_2 and rbcL-998R primers differ in length (R3_1/R3_2 = 22bp; rbcL-998R = 

27bp) and in the degree of degeneration (R3_1 and R3_2 both include one more 

degenerate base than rbcL-998R). It is therefore quite possible that there would be 

different primer biases during amplification from the same pool of diatoms. Our study 

was only to investigate the extent to which the extra 5′ tail provides extra taxonomic 

resolution for biodiversity assessment and has any implications for the WFD 

assessments. 
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2.2 Reference library preparation and taxonomic assignment. 

A custom-made reference library composed of 331-bp sequences was used for 

performing the taxonomic assignment of the ASVs generated. By controlling the 

reference sequence length (rather than using reference sequences that have not been 

trimmed to the same length), it is easier to evaluate how the different marker lengths are 

affecting the taxonomic assignment. The custom-made library consisted of all the 

sequences from the curated diatom reference library Diat.barcode v10 (Rimet et al., 

2019) that cover the full 331-bp rbcL marker. It was created by extracting a small subset 

of diatom rbcL sequences from Diat.barcode v10 that covered the 331-bp marker, 

aligning them (using MUSCLE: Edgar, 2004), and truncating them to the target 331-bp 

region using MegaX (Kumar et al., 2018). Then, all the remaining rbcL diatom sequences 

included in Diat.barcode v10 were extracted and aligned against the aligned subset using 

the align.seqs function implemented in Mothur software (Schloss et al., 2009), with 

default parameters. The resulting alignment of 331-bp diatom sequences was further 

filtered with Mothur (using the screen. seqs function) to keep only sequences without 

ambiguities. The taxonomic assignment of 263-bp and 331-bp ASVs was performed 

using two methods: 1) the naïve Bayesian classifier method (Wang et al., 2007) using 

the “assignTaxonomy” function from DADA2 and 2) the Basic Local Alignment Search 

Tool (BLAST). Prior to the next analyses, and in order to remove non-diatom variants 

that likely occurred in our dataset, only ASVs classified into Bacillariophyta and receiving 

100% bootstrap support by the Bayesian classifier were kept for downstream analyses. 

As a result, a total of 2933 ASVs were used in this study. 

2.3 Comparative analyses between the 331-bp and 263-bp markers 

The effect of marker choice on taxonomic assignment of ASVs was assessed by 

comparing the number of 263-bp and 331-bp ASVs that had an identical match 

(considered here as a pairwise-alignment with 100% similarity, no gaps and mismatches, 

and a full cover of the query sequence) with reference sequences from Diat.barcode v10. 

Out of the ASVs with identical matches, we determined the number of fully identified 

species to which each ASV was identical. In addition, the number of 263-bp and 331-bp 

ASVs assigned at species level by the naïve Bayesian classifier was compared through 

different bootstrap support values (i.e. above 60%, above 85% and above 99%) 

The ecological status of each sample was determined by applying the IPS diatom index, 

since this is adopted in many EU countries for WFD bioassessment of rivers. For each 

sample, the IPS was calculated twice, one using the species inventory derived from the 

263-bp ASVs, and the other using the inventory from the 331-bp ASVs. IPSS and IPSV 
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values for each species were extracted from OMNIDIA software v5.5 (Lecointe et al., 

1993). Comparisons of the IPS values were performed using ASVs that had a species 

assignment bootstrap value ≥ 85%, since thresholds from 80% to 85% are commonly 

applied for diatom biomonitoring assessments (e.g. Rivera et al., 2020; Mortágua et al., 

2019; Vasselon et al., 2017). The WFD ecological status class for each sample was 

assigned by applying the following boundaries (Afnor, 2007): High (17 ≤ IPS ≤ 20), Good 

(13 ≤ IPS < 17), Moderate (9 ≤ IPS < 13), Poor (5 ≤ IPS < 9), Bad (1 ≤ IPS < 5).   

2.4 In-depth analyses on species discrepancies 

Samples that differed in absolute IPS values regarding the type of marker were further 

evaluated in order to elucidate the causes that led to these dissimilarities in the index. 

For this, we examined the species showing the greatest dissimilarities in relative 

abundance between marker datasets. To do this, we compared the taxonomic 

assignments and bootstrap support values provided by the naïve Bayesian classifier, as 

well as the most similar sequences and species determined by BLAST. In order to 

guarantee that the most similar sequences to each ASV were not excluded during any 

of the steps involved in the building of the custom reference library, BLAST analyses 

were also executed comparing ASVs against all the sequences included in Diat.barcode 

v10. Haplotype networks based on the TCS algorithm (Clement et al. 2002) were 

constructed in the most important cases where the taxonomic assignment of ASVs varied 

according to the choice of marker. The ASVs included in the network analyses were 

those that were recorded with at least 10 reads and occurred in more than 1 sample. A 

quick check for residual errors was made by examining the ASV alignment for stop 

codons: only one was found (ASV3000), occurring in 2 samples with 300 reads. 

Haplotype networks were performed and visualized using PopART software (Leigh & 

Bryant, 2015).  

2.5 Shannon entropy comparisons between 331-bp and 263-bp markers 

In order to compare and illustrate the nucleotide and amino-acid variability of the extra 

68-bp region provided by the 331-bp marker, Shannon’s entropy values were calculated 

from both the reference sequences from the 331-bp custom reference library and the 

331-bp ASVs obtained. Before calculating Shannon entropy values on ASVs, several 

filter steps were applied in order to remove likely artefacts. For this, only ASVs with 331-

bp length were kept and those showing an abundance lower than 10 reads and/or 

occurring in only 1 sample were also removed. The resulting ASVs were aligned against 

the custom 331-bp reference library and those with gaps and/or stop codons were further 

discarded. In addition, duplicated sequences from the custom reference library (i.e. 

UNIVERSITAT ROVIRA I VIRGILI 
BENTHIC DIATOM METABARCODING: DEVELOPING NEW APPROACHES TO RESEARCH AND BIOMONITORING IN AQUATIC ECOSYSTEMS 
Javier Pérez Burillo



 Chapter 3 

127 
 

sharing the 331-bp marker) were removed. Shannon entropy was thus calculated on a 

total of 2617 ASVs and 1886 reference sequences. Entropy values were computed using 

the “MolecularEntropy” function implemented in the R package HDMD (McFerrin, 2013) 

and the values were standardized to 4 and 20 for nucleotides and amino acids 

respectively.   

 

3. Results 

3.1 Effects of the marker on taxonomic assignment  

The number of ASVs assigned at the species level by the naïve bayesian classifier was 

always higher when using the longer marker, regardless of the bootstrap confidence 

threshold applied (Table 1). On the other hand, BLAST analyses indicated that for the 

263-bp marker, a total of 536 different ASVs (18.3%) had at least one identical match 

(identical matches considered only when query ASV sequences were fully covered) with 

reference sequences included in Diat.barcode while this number was reduced to 426 

ASVs (14.5%) when considering the full 331-bp marker. In addition, 29 ASVs based on 

the 331-bp marker were identical to reference sequences from more than 1 species and 

these ambiguous assignments corresponded to a total of 62 different species but to a 

total of 74 species when considering only the 263-bp marker (Supplementary Table 1). 

These ambiguous assignations at the species level were exemplified, among others, in 

some ASVs classified into the genera Fragilaria (ASVs 59, 131 and 346; Fig. 4), Iconella 

(ASVs 270 and 361), Surirella (ASV 26; Fig. 3) and Gomphonema (ASVs 6, 148, 216, 

274 and 610) (Supplementary Table 1). 

 

Table 1. Comparison between the 263-bp and 331-bp markers in the number of ASVs assigned 
at the species level by the naïve Bayesian classifier through different bootstrapping support 
values (from 60 to 99).  

   Bootstrap 

support 

≥60 ≥70 ≥80 ≥90 ≥99 

263-bp marker 1937 1719 1489 1220 744 

331-bp marker 2023 1786 1584 1316 888 
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3.2 Effects of the marker choice on ecological status assessment 

IPS values calculated from both markers were very similar and strongly correlated 

(Pearson's R = 0.98) (Fig. 1). 1621 sites (95.2%) shared the same ecological status class 

with both markers and only 82 (4.8%) showed 1 class of difference. Furthermore, none 

of the sites showed more than 1 class of difference. Out of the 82 sites with 1 class of 

difference, 57 corresponded to absolute deviations in the IPS scores < 1 and 25 to 

absolute deviations in IPS scores > 1. The total numbers of sites classified into 

"Moderate”, “Poor” or “Bad” status (i.e. unacceptable classes for WFD) were 388 

(22.82%) and 371 (21.79%) for the 263-bp and 331-bp markers respectively. 

 

 

Fig. 1 Correlation of IPS values derived from 263-bp and 331-bp markers considering the total 

1703 samples analyzed. Pearson's coefficient (R) and p-value are given. Coloured squares 

represent boundaries for the different WFD ecological status classes: blue=high (17 ≤ IPS ≤ 20); 

green=good (13 ≤ IPS < 17); yellow= moderate (9 ≤ IPS < 13); orange= poor (5 ≤ IPS < 9); 

red=bad (1 ≤ IPS < 5).   

 

3.3 Effects of the marker choice on species abundance and taxonomic resolution  

The species showing the greatest dissimilarities in relative abundance between markers 

are listed in Fig. 2.  
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Fig. 2. Top 15 species showing the greatest differences in relative abundance between 263-bp 
and 331-bp markers considering the total 1703 samples analyzed. Bars in red and blue represent 
species for which the greatest relative abundance was provided by the 263-bp and 331-bp 
respectively. 

 

Examination of bootstrap support values and BLAST outputs for both 263-bp and 331-

bp ASVs of these species revealed there are three main reasons for the abundance 

dissimilarities:  

i) False negatives: Some ASVs were classified into the same species by both 

the 263-bp and 331-bp markers but the identifications could be rejected for 

one or other marker because bootstrap support values did not reach the 

confidence threshold (i.e. bootstrap values ≥ 85), ultimately causing 

differences between markers in species’ relative abundance. Some false 

negatives arose when the assignments of 263-bp ASVs received much lower 

bootstrap support values than their 331-bp counterparts. This occurred when 

the genetic distance between ASVs and closely related reference sequences 

(as measured by the number of base-pair mismatches between ASVs and 

reference sequences reported by BLAST analyses) decreased when using 

the shorter marker compared to the longer one. In this regard, the most 

important cases were detected in ASVs from the Achnanthidium 
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minutissimum complex (observed in ASVs closely related to A. jackii and A. 

pyrenaicum, such as ASV909, ASV1420, ASV7083), Nitzchia perminuta 

(detected in ASVs assigned to this species but similar also to N. acidoclinata, 

for instance, ASV2288), Encyonema ventricosum (ASVs also similar to E. 

minutum, such as ASV929), Diatoma moniliformis (ASVs also similar to D. 

tenuis, e.g. ASV73, ASV403 and ASV1159) or Navicula rostellata (ASV200 

and ASV721, two ASVs similar to reference sequences classified as Navicula 

sp. and Haslea howeana) (Supplementary Data 1 & 2). By contrast, other 

false negatives were detected without being recorded an increase in the 

genetic distance between ASVs and closely related reference sequences. 

This was particularly evident in ASV33 and ASV136, two abundant ASVs 

belonging to Cocconeis euglypta and Gomphonema affine respectively 

(Supplementary Data 1 & 2) 

ii) Some ASVs were unambiguously classified at the species level based on the 

331-bp marker, but not based on the 263-bp marker. This was seen in ASVs 

in Surirella (ASV17), Fragilaria (ASV140) and Halamphora (ASV1784). Within 

Surirella, ASV17 had identical matches with reference sequences from 

Surirella brebissonii (including S. brebissonii var. kuetzingii) when the ASV 

was based on the 331-bp marker and could therefore be identified 

unambiguously. The effect of reducing the barcode marker to the 263-bp 

region was to make ASV17 identical to reference sequences belonging to 10 

different taxa (i.e. S. angusta, Surirella sp., S. cf. pinnata, S. brightwellii, S. 

ovalis var. apiculata, S. cf. minuta, S. minuta, and S. lacrimula, as well as the 

two that are identical over the whole of the 331-bp marker, S.  brebissonii and 

S. brebissonii var. kuetzingii). A haplotype network for these and other 

Surirella species and related ASVs is given in Fig. 3 and shows the changes 

in assignment and relationships when the marker length is reduced from 331 

bp (Fig. 3a) to 263 bp (Fig. 3b). In the case of Fragilaria species, ASV140 

matched only one species (Fragilaria agnesiae) based on the 331-bp marker 

(Fig. 4a), but was identical to three species, F. agnesiae, Fragilaria sp. and 

Fragilaria cf. nanoides, with the 263-bp marker (Fig. 4b). A third case (not 

graphed) was ASV1784, which shared the full 263-bp marker with reference 

sequences from Halamphora montana and H. banzuensis species but 

differed from the latter by two mutations located at the 30th and 34th positions 

of the 331-bp marker.  
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Fig. 3. TCS haplotype networks of Surirella species and closely related ASVs based on 331-bp 

(figure a) and 263-bp (figure b) rbcL markers. ASVs represented (as white circles) are those 

recorded with at least 10 reads in more than 1 sample, lack stop codons in their amino-acids 

composition and share at least 95% of similarity with reference sequences from the included 

Surirella species. Black circles represent hypothetical variants automatically inferred. Nodes 

represented by reference sequences for which identical ASVs were not found are indicated by an 

asterisk. Circles with dashed borders represent ASVs that differ in the 331-bp region but are 

identical in the 263-bp. Note that ASVs 17 and 26 have been represented in bold red and in a 

larger font to facilitate their visual identification in the network  

UNIVERSITAT ROVIRA I VIRGILI 
BENTHIC DIATOM METABARCODING: DEVELOPING NEW APPROACHES TO RESEARCH AND BIOMONITORING IN AQUATIC ECOSYSTEMS 
Javier Pérez Burillo



 Chapter 3 

132 
 

 

 

Fig. 4. TCS haplotype networks of several Fragilaria species and closely related ASVs based on 

331-bp (figure a) and 263-bp (figure b) rbcL markers. ASVs represented (as white circles) are 

those recorded with at least 10 reads in more than 1 sample, lack stop codons in their amino-

acids composition and share at least 95% of similarity with reference sequences from the 

included Fragilaria species. Black circles represent hypothetical variants automatically inferred. 

Nodes represented by reference sequences for which identical ASVs were not found are 

indicated by an asterisk. Circles with dashed borders represent ASVs that differ in the 331-bp 

region but are identical in the 263-bp. Note that ASVs 59, 131, 140 and 346 have been 

represented in bold red and in a larger font to facilitate their visual identification in the network 
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iii) A third group comprised ASVs that could not be identified to species with 

either marker: they were identical to reference sequences from more than 

one taxon for both the 263-and the 331-bp marker. In these cases, differences 

in species’ relative abundance between markers occurred when the 

taxonomic classification provided by one marker did not reach the selected 

confident threshold (i.e. bootstrap values ≥ 85) but this threshold was reached 

when using the other marker. This pattern is likely associated with the random 

component of the naïve Bayesian classifier and it was observed in ASVs 

classified into the genera and Achnanthidium (ASV12) and Iconella (ASV 

361) (Supplementary Data 3). 

 

A more complex and particularly instructive case illustrating the potential complexities 

of interpretating the metabarcoding data, is given by Nitzschia ASVs 1690 and 3022. 

These two haplotypes shared the full 263-bp marker with reference sequences from 

Nitzschia dissipata var. media and N. heufleriana, respectively, and therefore seemed 

securely identified, ASV 3022 as N. dissipata var. media and ASV 1690 as N. 

heufleriana (Fig. 5b). However, when considering the full 331-bp marker these ASVs 

were not identical to the same two reference sequences and had no exact match in the 

reference dataset. Instead, each of them differed by 1 nucleotide from both N. dissipata 

var. media and N. heufleriana, making identification impossible at species level (Fig 

5a). 
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Fig. 5. TCS haplotype networks of several Nitzchia species and closely related ASVs based on 

331-bp (figure a) and 263-bp (figure b) rbcL markers. ASVs represented (as white circles) are 

those recorded with at least 10 reads in more than 1 sample, lack stop codons in their amino-

acids composition and share at least 95% of similarity with reference sequences from the 

included Nitzchia species. Note that some Nitzschia ASVs met these criteria, but were removed 

for easier visualization of the networks. Black circles represent hypothetical variants 

automatically inferred. Circles with dashed borders represent ASVs that differ in the 331-bp 

region but are identical in the 263-bp. Note that ASVs 1690 and 3022 have been represented in 

bold red and in a larger font to facilitate their visual identification in the network.  
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3.4 Nucleotide and amino-acid variability. 

In order to provide context for the differences in species discrimination between the 311- 

and 263-bp markers, we calculated Shannon entropy values at each site within the 

marker region (there were no indels: as far as we know, all river diatom taxa sequenced 

so far have the same length rbcL). The average Shannon entropy values for nucleotides 

and amino acids indicated that the maximum variability of the barcode markers takes 

place in the 263-bp shared region, although overall the average entropy values for the 

extra 68 bp at the 5′ end region of the 331-bp marker were very similar to those in the 

shared 263-bp region (Fig. 6; Table 2). The average entropy values of the full 331-bp 

marker for both nucleotides and amino acids were slightly higher in ASVs than in the 

reference sequences (Table 2). 

 

Fig. 6 Shannon’s entropy per nucleotide (figure a) and amino-acid (figure b) position obtained 

for 1886 reference sequences of 331-bp from Diat.barcode v10 (represented by a red line) and 

a total of 2617 ASVs obtained in this study (represented by a blue dashed line). ASVs included 

for computing entropy values were those that were recorded with at least 10 reads in more than 

1 sample and did not show stop codons in their amino-acid composition. Entropy values have 

been standardized to 4 and 20 for nucleotides and amino acids respectively.  
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Table 2. Range, average and standard deviation of Shannon entropy values 

calculated on ASVs and Reference sequences in the different regions of the 2 

rbcL markers surveyed; the 68-bp region located at the 5’ end of the 331-bp 

marker, the 263-bp region shared by both markers and the full 331-bp region. 

 

 

 

4. Discussion 

4.1. The choice of rbcL marker does not have major implications for diatom-based WFD 

ecological assessment of rivers 

The extra length of the 331-bp marker means that it inevitably provides more information 

on genetic diversity, given the variability of the extra 68-bp tail (Fig. 6). Our results 

indicate, however, that the choice of the 263-bp or 331-bp rbcL marker has no important 

effects on WFD ecological status assessments, since IPS scores derived from both 

markers were very highly correlated (i.e. Pearson’s R = 0.98 and intercept close to 0) 

and the vast majority of sites were classified into the same ecological status class 

regardless of the marker used (i.e. 95.2%). In addition, out of the sites that differed in the 

ecological status assignment, most of them correspond to absolute deviations in the IPS 

scores of < 1. However, the overall number of sites classified into "Moderate”, “Poor” and 

“Bad” status differed with the marker chosen, and this number was higher when using 

the 263-bp one. As a consequence, some particular sites were assigned to the “Good” 

or “High” ecological status when using one marker, but they were assigned instead to 

the “Moderate”, “Poor” or “Bad” status when using the other (observed in a total of 55 

out of 1073 samples studied). Though the proportion of such samples is very low, they 

should not be overlooked since the WFD demands remedial actions for those aquatic 

systems that fail to reach at least the “good” ecological status.  

At first, it might be interpreted that the discrepancies in IPS values for those sites that 

alter their ecological status from acceptable (i.e. “Good”/“High”) to unacceptable 

(“Bad”/”Poor”/”Moderate”) classes are brought about by differences in species’ relative 

abundances caused by the higher taxonomic resolution of the 331-bp marker (i.e. the 

331-bp marker can unambiguously classify some ASVs at the species level that 263-bp 

marker cannot). However, our results indicated that the choice of the marker was 

Region Shannon Entropy - Nucleotides  Shannon Entropy - Amino acids 

 Reference sequences ASVs  Reference sequences ASVs 

5’ end 68-bp 0 – 0.62 (0.13±0.18) 0 – 0.58 (0.14±0.17)  0 – 0.24 (0.05±0.08) 0 – 0.26 (0.06±0.08) 

Shared 263-bp  0 – 0.92 (0.17±0.22) 0 – 0.94 (0.17±0.22)  0 – 0.56 (0.07±0.11) 0 – 0.54 (0.08±0.11) 

Full 331-bp  0 – 0.92 (0.16±0.21) 0 – 0.94 (0.17±0.22)  0 – 0.56 (0.06±0.10) 0 – 0.54 (0.07±0.10) 
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decisive for discriminating taxa at species level in only three ASVs (discussed further in 

section 4.2) and more importantly, these ASVs were scarcely represented in most of the 

samples: only ASV17 (Surirella brebissonii) contributed at least 10% of reads’ relative 

abundance in 7 samples (supplementary Data 4). Thus, most of the discrepancies 

observed between markers in species’ relative abundance, and hence in WFD ecological 

status assignations, cannot be attributed to differences in taxonomic resolution between 

markers. Instead they are likely due to other factors such as the stochasticity involved in 

the Bayesian classifier (Wang et al., 2007) and false negatives. In this regard, our results 

showed that the use of the extra 68-bp region can reduce the number of false negatives 

by increasing the genetic distance between ASVs and closely related taxa and therefore 

if initiating a new metabarcoding study, the 331-bp marker could be preferable. 

4.2. In a few cases the choice of marker is decisive for discriminating certain taxa at 

species level 

For some freshwater diatom species the choice of the marker is crucial for discriminating 

at the species level and hence may materially alter conclusions when the focus is on 

aspects of biodiversity, such as species distributions and ecology, rather than on 

biomonitoring. In our dataset, this was observed in three ASVs from the species S. 

brebissonii (ASV17), H. montana (ASV1784) and F. agnesiae (ASV140). Because of its 

relatively high abundance and occurrence, ASV17 is the most important example. It was 

successfully classified at the species level when using the full 331-bp marker (an 

identical match to S. brebissonii) whereas the 263-bp shared region of this ASV was also 

identical to several other Surirella species from the Pinnatae group. Species of the 

Pinnatae group are characterized by close phylogenetic relationships reflected in small 

interspecific genetic differences, not only in rbcL but also in other molecular markers 

(Ruck et al., 2016), and morphological separation of S. brebissonii from other species of 

this group is difficult (morphometric characteristics overlap between species: English & 

Potapova, 2012; Krammer & Lange-Bertalot, 1987). In this case, differentiating species 

could even be relevant for biomonitoring, because S. brebissonii can dominate diatom 

assemblages (for instance, in some German rivers: Lange-Bertalot et al., 2017) and 

differs in IPSS and IPSV values from some other species of the Pinnatae group, (S. 

brebissonii and S. lacrimula have IPSS=3 and IPSV=2, whereas all S. angusta and S. 

ovalis var. apiculata have IPSS=4 and IPSV=1, and S. brightwellii has IPSS=2 and 

IPSV=3). 

Other cases where the 331-bp marker is decisive for species identification include 

Halamphora montana vs H. banzuensis (ASV1784), two species with very different 
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habitat requirements. H. montana occurs in intermittently wet terrestrial microhabitats 

and eutrophic freshwaters (Lange-Bertalot et al., 2017) and is characterized by 

intermediate IPS sensitivity values (IPSS=2.9). In contrast, H. banzuensis is a marine 

species (recently described by Stepanek & Kociolek, 2018) and hence has no associated 

IPS indicator values. The little variation found between both 263-bp and 331-bp rbcL 

markers for these species is not exceptional within Halamphora, as other examples of 

close phylogenetic relationships between freshwater and marine species can be found 

within the genus (Stepanek & Kociolek, 2019). Similarly, F. agnesiae (ASV140) cannot 

be identified using the 263-bp marker, but in this case the effects are unclear: F. agnesiae 

is a recently described species without a full ecological characterization (Kahlert et al., 

2019). 

4.3. A small proportion even of the 331-bp rbcL variants cannot be unambiguously 

classified at the species level 

We identified a total of 29 ASVs for which the full 331-bp marker was identical to more 

than one species and therefore neither of the two barcode markers would assign the 

haplotype unambiguously at the species level. These cases reflect the lack of a barcode 

gap even for the full 331-bp rbcL marker and indicate that, without a complete reference 

database, it is impossible to determine in many cases whether the diversity of ASVs 

represents intraspecific diversity or the presence of separate but currently undescribed 

species. Thus, as noted in the previous section, for studying aspects related to the 

diversity, ecology and biogeography of certain species, as opposed to practical WFD 

biomonitoring, current rbcL metabarcoding has clear limitations. 

Overall, the 331-bp marker is superior in that the diversity that can be detected is greater 

and the proportion of ambiguous identifications is lower. Sometimes too, an apparently 

straightforward identification with the shorter marker is deceptive. Particularly instructive 

in this regard is the example of Nitzschia ASVs 1690 and 3022, which seem to be 

identifiable confidently and unambiguously with the 263-bp marker (100% matches with 

N. dissipata var. media and N. heufleriana reference sequences, respectively) but not 

with the 331-bp marker: the two ASVs cannot be identified from the 331-bp versions 

since they are not identical to either of the reference sequences that are available but 

separated from each of them by the same genetic distance. In this case, to interpret the 

metabarcoding datasets fully in terms of nominal species and varieties, much more 

information would be needed about the correspondence between rbcL variation and 

morphology. 
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To conclude, some species cannot be assigned at the species level even when using 

the longer marker and it is unrealistic to expect that the reference library will be able to 

cover all the existing genetic variants in the near future. This is because the process of 

obtaining new Sanger sequences and curating barcodes (Rimet et al., 2019) is laborious 

and expensive, and determining which ASVs belong to which species from the 

metabarcoding dataset alone can be done only in special circumstances (e.g. when a 

species is particularly abundant in samples for which matching DNA and microscopical 

data are available: Rimet et al., 2018a). Nevertheless, the far greater number of ASVs in 

the UK dataset, relative to microscopically separable species, and the low proportion of 

ambiguous assignments made in our study of a very extensive dataset (i.e. 29 ASVs out 

of 2933 in a total of 1703 benthic samples) shows that DNA metabarcoding of short rbcL 

markers is a very effective method for surveying diatom biodiversity at the species level 

in aquatic systems. The arrival of long-read sequencing platforms (e.g. Pacific 

Bioscience or Oxford Nanopore Technologies), with reliable sequencing lengths far 

above 1200–1500 bp (the lengths of ‘full’ diatom rbcL sequences in GenBank) will further 

improve resolution. 

4.4. Both markers capture high genetic diversity within and between nominal diatom 

species, which can be important for ecological understanding 

Most of the genetic variants examined were not represented in the reference library: out 

of the 2933 ASVs separated by the 331-bp marker, identical matches with reference 

sequences were found for only 426 (14.5%) and 536 ASVs (18.3%) respectively for the 

331- and 263-bp markers. To some extent, this is because of the lack of reference 

sequences for many nominal species, but it also reflects the high intraspecific diversity 

that characterizes diatom species, at least as these are currently circumscribed (e.g. 

Amato et al., 2007; Perez-Burillo et al. 2021; Pinseel et al., 2017; Souffreau et al., 2013). 

The question that arises is whether the intraspecific diversity detected by the two rbcL 

markers is only ‘genetic noise’, or whether it contains information on ecological or 

biogeographical differentiation and therefore needs to be recorded and analysed. First 

indications are that, while closely related species often share a similar ecology (Keck et 

al., 2018), closely related ASVs can differ in ecological preferences and distribution 

(Pérez-Burillo et al., 2021). Therefore, while it will always be important to relate the ASVs 

of metabarcoding datasets to formal morphology-based taxonomy – e.g. to ensure 

continuity with previous studies and allow cross-talk with fields where DNA-based 

approaches are limited in their application (e.g. stratigraphical or palaeoecological 

studies) – degrading analysis to the level of nominal species is suboptimal. For example, 

from a biomonitoring perspective it will mean that diatom indexes are being computed 
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using only a part of the information from the total captured, especially when strict 

confidence thresholds are applied. In particular, we found that around 70% of the ASVs 

were not assigned to a species by the naïve Bayesian classifier when the confidence 

threshold was ≥ 99%. Hence an attractive alternative to the present approach, if 

environmental data are available for an extensive set of metabarcoded samples, is a 

direct calibration of the environmental preferences of ASVs or OTUs, as suggested by 

other studies (e.g. Apothéloz‐Perret‐Gentil et al., 2017; Feio et al., 2020; Smucker et al., 

2020; Tapolczai et al., 2019). Microscopy-based approaches remain important, however, 

since they give opportunities to study traits that are not or only partially taxon-related, 

such as life-history stage or, in the case of some marine diatoms, existence as 

endosymbionts (Pérez-Burillo et al., 2022). 

 

Conclusions 

The main goal of this study was to analyse the effect of using two similar and short rbcL 

diatom markers for biomonitoring programmes. Our results show that the choice of 

marker does not have major implications for WFD ecological assessments. Our second 

objective was to study the effect of marker choice on species resolution. We found that 

for some taxa, the use of the larger 331-bp marker allows resolution at species level or 

leads to a reduction in the number of unambiguous assignations, compared to the shorter 

263-bp rbcL marker, reflecting the fact that the extra 5′ tail of the 331-bp marker is quite 

variable (approximately as much so as the average of the 263-bp marker). The higher 

resolution of the longer marker may therefore be preferable in ecological or 

biogeographical studies, especially with increasing demonstrations that closely related 

lineages, previously included within the same (morpho-)species can differ in their 

distributions and ecological preferences. 
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Supplementary material  

 

Supplementary Table 1. List of the 29 ASVs that shared the full 331-bp region with 

reference sequences from more than 1 species. Corresponding species matching the 

263-bp and 331-bp markers are shown.   

ASV Identical match for the 331-bp 
marker 

Identical match for the 263-bp marker 

ASV1064 Stephanodiscus neoastraea 
Stephanodiscus agassizensis 

Stephanodiscus neoastraea  
Stephanodiscus agassizensis 

ASV12 Achnanthidium pyrenaicum 
Achnanthidium minutissimum 

Achnanthidium pyrenaicum  
Achnanthidium minutissimum 

ASV1277 Pinnularia gibba  
Pinnularia microstauron  
Pinnularia parvulissima 

Pinnularia gibba  
Pinnularia microstauron  
Pinnularia parvulissima 

ASV131 Fragilaria nanoides 
Fragilaria pararumpens 

Fragilaria pararumpens  
Fragilaria mesolepta 
Fragilaria nanoides  
Centronella reicheltii 
Fragilaria crotonensis 

ASV140 Fragilaria taeniavaucheriae  
Fragilaria agnesiae 

Fragilaria taeniavaucheriae 
Fragilaria agnesiae 

ASV148 Gomphonema truncatum  
Gomphonema capitatum 

Gomphonema truncatum  
Gomphonema capitatum 

ASV1518 Discostella pseudostelligera  
Discostella woltereckii 

Discostella pseudostelligera 
Discostella woltereckii 

ASV168 Thalassiosira pseudonana 
Thalassiosira delicatula 

Thalassiosira pseudonana  
Thalassiosira delicatula 

ASV1769 Stauroneis heinii  
Stauroneis gracilis 

Stauroneis heinii 
Stauroneis gracilis 

ASV1783 Sellaphora capitata  
Sellaphora pupula 

Sellaphora capitata  
Sellaphora pupula 

ASV197 Neidium productum 
Neidium dubium 

Neidium productum  
Neidium dubium 

ASV216 Gomphonema coronatum  
Gomphonema brebissonii  
Gomphonema clavatum  
Gomphonema acuminatum 

Gomphonema coronatum 
Gomphonema brebissonii  
Gomphonema clavatum  
Gomphonema acuminatum 

ASV218 Nitzschia gracilis  
Nitzschia acicularis 

Nitzschia gracilis 
Nitzschia acicularis 

ASV228 Achnanthidium jackii  
Achnanthidium minutissimum 

Achnanthidium jackii  
Achnanthidium minutissimum 

ASV26 Surirella minuta 
Surirella ovalis var. apiculata  
Surirella angusta  
Surirella lacrimula 

Surirella minuta  
Surirella ovalis var. apiculata  
Surirella angusta  
Surirella lacrimula  
Surirella brightwellii  
Surirella brebissonii 

ASV270 Iconella levanderi 
Iconella spiralis  
Iconella hibernica 

Iconella levanderi 
Iconella spiralis  
Iconella hibernica  
Iconella linearis var. Helvetica 

ASV274 Gomphonema clavatum Gomphonema clavatum 
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 Gomphonema acuminatum  Gomphonema acuminatum 

ASV3089 Pinnularia grunowii 
 Pinnularia mesolepta 

Pinnularia grunowii  
Pinnularia mesolepta 

ASV3366 Pinnularia neglectiformis 
 Pinnularia viridiformis 

Pinnularia neglectiformis 
 Pinnularia viridiformis 

ASV346 Centronella reicheltii  
Fragilaria crotonensis 
 Fragilaria mesolepta 

Centronella reicheltii  
Fragilaria crotonensis 
 Fragilaria mesolepta  
Fragilaria nanoides 

ASV557 Stephanodiscus minutulus 
Stephanodiscus hantzschii 
Stephanodiscus binderanus 

Stephanodiscus minutulus Stephanodiscus 
hantzschii Stephanodiscus binderanus 

ASV59 Fragilaria tenuistriata  
Fragilaria tenera 

Fragilaria tenuistriata 
Fragilaria tenera 

ASV5909 Placoneis paraelginensis  
Placoneis elginensis 

Placoneis paraelginensis 
Placoneis elginensis 

ASV597 Staurosira construens 
Gedaniella flavovirens 

Staurosira construens 
Gedaniella flavovirens 

ASV6 Gomphonema parvulum  
Gomphonema exilissimum 

Gomphonema parvulum  
Gomphonema exilissimum 

ASV610 Gomphonema saprophilum 
Gomphonema parvulum 

Gomphonema saprophilum  
Gomphonema parvulum 

ASV696 Pinnularia subgibba  
Pinnularia australogibba 
var.subcapitata 

Pinnularia subgibba  
Pinnularia australogibba var. subcapitata 

ASV835 Brachysira microcephala 
Brachysira neoexilis 

Brachysira microcephala 
Brachysira neoexilis 

ASV839 Psammothidium helveticum 
Psammothidium bioretii 

Psammothidium helveticum Psammothidium 
bioretii 
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Supplementary material  

 
 
Supplementary Fig 1. Location of rivers sites analysed in this study for which, 
environmental variables were available. Main hydrographic basins from Catalonia (NE 
Spain) and France are delimitated and indicated as follow: CE (Catalan Interregonial 
basins); CI (Catalan Internal basins); A-G (Adour–Garonne basins); A-P(Artois–Picardie 
basins); L-B(Loire–Bretagne basins), R-Meu(Rhin–Meuse basins); R-Med(Rhône–
Méditerranée basins); Corse (Co) and S-N(Seine-Normandie basins). 
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Supplementary Fig 2. Spatial distribution of the ASVs from Achnanthidium minutissimum 
in French and Catalan rivers. ASVs represented are the 11th to 20th most abundant of 
the species. Segments in each circle represent the proportion of A. minutissimum reads 
recorded in each sample site. 
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Supplementary Fig 3. Spatial distribution of the 10 most abundant ASVs from Fistulifera 
saprophila in French and Catalan rivers. Segments in each circle represent the 
proportion of F. saprophila reads recorded in each sample site.  
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Supplementary Fig 4. Spatial distribution of the ASVs from Fistulifera saprophila in 
French and Catalan rivers. ASVs represented are the 11th to 20th most abundant of the 
species. Segments in each circle represent the proportion of F. saprophila reads 
recorded in each sample site. 
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Supplementary Fig 5. Spatial distribution of the ASVs from Nitzschia inconspicua in 
French and Catalan rivers. Segments in each circle represent the proportion of N. 
inconspicua reads recorded in each sample site. 
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Supplementary Fig 6. Spatial distribution of the ASVs from Nitzschia soratensis in French 
and Catalan rivers. Segments in each circle represent the proportion of N. soratensis 
reads recorded in each sample site. 
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Supplementary Fig 7. Maximum likelihood phylogenetic tree based on Fistulifera 
saprophila ASVs obtained in this study and on sequences from F. saprophila and its 
closely related species extracted from Diat.barcode v9 and GenBank database. The tree 
was obtained using raxmlGUI and setting the 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. Bootstrap support values from 50 to 100 are represented. 
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Supplementary Fig 8. Maximum likelihood phylogenetic tree based on Nitzschia 
inconspicua and N. soratensis ASVs obtained in this study and on sequences from both 
species and its closely related species extracted from Diat.barcode v9 and GenBank 
database. The tree was obtained using raxmlGUI and setting the GRT-Gamma model 
with 1000 replicates for the bootstrap analyses. The tree was drawn using iTOL. 
Bootstrap support values from 50 to 100 are represented. 
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Supplementary Fig 9. Biplot from redundancy analysis based on ASVs from 

Achnanthidium minutissimum (ADMI; in red), Fistulifera saprophila (FSAP; in green), 

Nitzschia inconspicua (NINC; in blue) and N. soratensis (NSTS; in orange) and 

environmental variables selected as significant (p < 0.05) by forward selection and 

showing a Bonferroni adjusted p value < 0.05. 
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Supplementary Fig 10. TITAN analysis showing sum z scores of ASVs from 

Achnanthidium minutissimum for calcium (a) and conductivity (b). Left-Y axis represent 

the sum z scores of those ASVs that fulfilled pure and reliability criteria. Red circles 

correspond to sum z scores from positive responses and blue circles sum z scores from 

negative responses. Right-Y axis and dashed and continuous lines show the proportion 

of the distribution (cumulative frequency) of assemblage change points (given by the 

maximum sum z score) from 500 bootstrap replicates.  Sum z scores indicated that the 

assemblage change point of ASVs with a negative response to calcium and conductivity 

(i.e., ASVs mainly from ADMI EG1 and ADMI EG3 since most of the ASVs that fulfilled 

both purity and reliability criteria for such responses belonged to ADMI EG1 and ADMI 

EG3) occurred at 39.5 mg/L (4.6–44.7, 5th–95th percentile) and at 130.2 µS/cm (72.2–

199.3, 5th–95th percentile) respectively while they occurred at 119.7 mg/L (105.7–138.4, 

5th–95th percentile) and at 384.9 µS/cm (335–700, 5th–95th percentile) respectively for 

positive responders 
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Supplementary Fig 11. TITAN analysis showing sum z scores of ASVs from Fistulifera 

saprophila for organic carbon (a) and sulphates (b). Left-Y axis represent the sum z 

scores of those ASVs that fulfilled pure and reliability criteria. Red circles correspond to 

sum z scores from positive responses and blue circles sum z scores from negative 

responses. Right-Y axis show the proportion of the distribution (cumulative frequency) of 

assemblage change points (given by the maximum sum z score) from 500 bootstrap 

replicates. Sum z scores indicated that the assemblage change point of ASVs with a 

positive response to TOC and SO₄²⁻ (FSAP EG1 and FSAP EG2) occurred at 2.7 mg/L 

TOC (2.3–5.4, 5th– 95th percentile) and at 55.2 mg/L SO₄²⁻ (52.5–110.1, 5th– 95th 

percentile) respectively, while it occurred at 1.8 mg/L TOC (1.5–1.9, 5th– 95th percentile)  

and at 7.7 mg/L SO₄²⁻ (2.9–12.1, 5th– 95th percentile) respectively for negative 

responders (FSAP EG3) 
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Supplementary Fig 12. TITAN analysis showing sum z scores of ASVs from Nitzschia 

inconspicua (NINC) and N. soratensis (NSTS) for Calcium. Left-Y axis represent the sum 

z scores of those ASVs that fulfilled pure and reliability criteria. Red circles correspond 

to sum z scores from positive responses (ASVs from NINC) and blue circles sum z scores 

from negative responses (ASVs from NSTS). Right-Y axis show the proportion of the 

distribution (cumulative frequency) of assemblage change points (given by the maximum 

sum z score) from 500 bootstrap replicates. Sum z scores regarding calcium identified 

assemblage changes points for NINC ASVs at 88.9 mg/L (82,8–99.3, 5th– 95th 

percentile) while they occurred at 56.4 mg/L (44–65.3, 5th– 95th percentile) for ASVs of 

NSTS. 
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Supplementary Table 1. Abundance and occurrence data of amplicon sequence variants 

(ASVs) from Nitzschia inconspicua (NINC), N. soratensis (NSTS), Achnanthidium 

minutissimum (ADMI) and Fistulifera saprophila (FSAP) species recorded throughout the 

total of 531 samples used for statistical analyses.  

ASV id Species 

Abundance 

(reads) Relative 

abundance 

Occurrence (French 

rivers sites) 

Occurrence 

(Catalan 

rivers sites) 

ASV53 NINC 104708 4.27 61 87 

ASV56 NINC 82444 3.36 26 44 

ASV113 NINC 48231 1.97 41 81 

ASV249 NINC 16577 0.68 3 6 

ASV273 NINC 14734 0.6 11 19 

ASV457 NINC 6233 0.25 14 1 

ASV463 NINC 3706 0.15 10 4 

ASV572 NINC 4202 0.17 10 0 

ASV615 NINC 3541 0.14 0 8 

ASV94 NSTS 60647 2.47 66 7 

ASV117 NSTS 47306 1.93 80 21 

ASV288 NSTS 13101 0.53 22 1 

ASV6 ADMI 414839 16.92 257 86 

ASV7 ADMI 347245 14.16 217 121 

ASV33 ADMI 134778 5.5 71 82 

ASV70 ADMI 69085 2.82 37 46 

ASV77 ADMI 55584 2.27 21 47 

ASV119 ADMI 44057 1.8 60 5 

ASV153 ADMI 27699 1.13 0 31 

ASV156 ADMI 27080 1.1 76 12 

ASV164 ADMI 24961 1.02 62 21 

ASV194 ADMI 23950 0.98 14 6 

ASV214 ADMI 15464 0.63 38 18 

ASV219 ADMI 20004 0.82 0 31 

ASV229 ADMI 15723 0.64 26 3 

ASV239 ADMI 13774 0.56 26 10 

ASV253 ADMI 15776 0.64 54 6 
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ASV256 ADMI 12218 0.5 2 19 

ASV269 ADMI 15108 0.62 35 0 

ASV272 ADMI 14360 0.59 60 9 

ASV286 ADMI 9761 0.4 30 3 

ASV320 ADMI 8512 0.35 27 1 

ASV386 ADMI 8258 0.34 21 3 

ASV433 ADMI 6973 0.28 0 2 

ASV452 ADMI 5802 0.24 10 0 

ASV468 ADMI 5479 0.22 20 0 

ASV475 ADMI 5567 0.23 2 1 

ASV545 ADMI 3630 0.15 14 0 

ASV556 ADMI 3903 0.16 12 1 

ASV574 ADMI 2947 0.12 12 2 

ASV582 ADMI 3217 0.13 4 5 

ASV621 ADMI 2694 0.11 4 8 

ASV636 ADMI 2676 0.11 11 0 

ASV648 ADMI 3212 0.13 0 9 

ASV657 ADMI 169 0.01 3 0 

ASV679 ADMI 2619 0.11 5 1 

ASV721 ADMI 2516 0.1 4 0 

ASV730 ADMI 1978 0.08 12 0 

ASV750 ADMI 2273 0.09 3 3 

ASV771 ADMI 1892 0.08 0 8 

ASV843 ADMI 1406 0.06 7 0 

ASV852 ADMI 1321 0.05 6 0 

ASV876 ADMI 1114 0.05 12 0 

ASV878 ADMI 1178 0.05 3 5 

ASV900 ADMI 1388 0.06 2 0 

ASV956 ADMI 787 0.03 4 3 

ASV1020 ADMI 885 0.04 14 3 

ASV16 FSAP 236169 9.63 33 87 

ASV43 FSAP 108318 4.42 44 50 

ASV48 FSAP 106046 4.33 184 63 
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ASV74 FSAP 69560 2.84 17 78 

ASV187 FSAP 24968 1.02 43 0 

ASV198 FSAP 23634 0.96 15 0 

ASV232 FSAP 18731 0.76 37 11 

ASV233 FSAP 18589 0.76 43 0 

ASV234 FSAP 16554 0.68 69 22 

ASV261 FSAP 14381 0.59 66 18 

ASV440 FSAP 6472 0.26 9 16 

ASV445 FSAP 6343 0.26 4 25 

ASV643 FSAP 3225 0.13 0 2 

ASV655 FSAP 2872 0.12 10 1 

ASV785 FSAP 1975 0.08 0 2 

ASV810 FSAP 1779 0.07 12 1 

ASV823 FSAP 1727 0.07 0 13 

ASV983 FSAP 1125 0.05 0 17 
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Supplementary table 2. TITAN main outputs obtained for the responses analyses of ASVs from Achnanthidium minutissimum (ADMI), Fistulifera 
saprophila (FSAP), Nitzschia inconspicua (NINC) and N. soratensis (NSTS) for calcium, conductivity, TOC sulphates and phosphates. Change 
point indicates the value of the environmental parameters at which the change point occurred (mg/L Calcium and µS/cm conductivity). The 
magnitude of the response is given by z score. The occurrence frequency of the ASVs are represented (Frequency). 5th to 95th percentiles indicate 
the frequency of distribution of change points for 500 bootstrap replicates given that an estimation of uncertainty associated to the change point. 
Only responses that fulfilled purity and reliability metrics (≥ 0.95) are represented. 
 
 

Environmental 

Variable 

Species ASV Frequency Change 

point 

Z score Response 

type 

5th  10th  50th  90th  95th  

Calcium ADMI ASV239 23 5.75 18.44 Negative 3.9 4.6 7.9 38.4 40 

Calcium ADMI ASV253 34 55.80 16.74 Negative 38.8 40.1 47.8 54.5 56.7 

Calcium ADMI ASV574 6 10.50 16.08 Negative 3.4 3.5 8.7 12.1 16.9 

Calcium ADMI ASV320 11 7.43 15.9 Negative 3.5 4.1 5.5 10 11.5 

Calcium ADMI ASV556 7 10.50 15.06 Negative 3.4 3.6 7.3 18.5 22 

Calcium ADMI ASV269 16 43.78 12.37 Negative 13.6 13.7 42.4 45.5 48 

Calcium ADMI ASV272 26 48.67 8.68 Negative 7.2 9.6 42.4 61.4 65.4 

Calcium ADMI ASV876 10 77.55 5.73 Negative 73.2 74 77 77.7 78.3 

Calcium ADMI ASV219 31 120.88 18.62 Positive 116.8 120 121.7 136.3 142.8 

Calcium ADMI ASV153 31 148.25 14.76 Positive 111 112.7 127.8 221.3 240.1 

Calcium ADMI ASV771 8 132.92 12.88 Positive 116 116.8 131.3 160.8 212.7 

Calcium ADMI ASV33 118 111.91 11.79 Positive 65.4 74.4 108.8 116 120 
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Calcium ADMI ASV7 226 51.50 6.63 Positive 6.6 15.4 54.7 67.1 104.9 

Calcium ADMI ASV70 69 71.29 6.23 Positive 45.5 49.4 77.3 125.9 126.6 

Calcium ADMI ASV77 56 120.00 5.01 Positive 40 108.3 119.7 136.3 221.3 

Calcium ADMI ASV386 12 78.83 4.06 Positive 61.4 62.5 80.9 89.1 95 

Conductivity ADMI ASV556 13 70.19 24.53 Negative 49.5 57.1 71.5 112.1 133.4 

Conductivity ADMI ASV239 28 77.75 22.89 Negative 71.5 72.3 77.8 96.5 104.6 

Conductivity ADMI ASV574 11 130.25 17.95 Negative 62.3 65.8 86.3 130.3 134.5 

Conductivity ADMI ASV320 18 78.60 15.12 Negative 65.8 70.2 89.3 169 172.5 

Conductivity ADMI ASV272 45 306.33 14.34 Negative 252.5 255.2 301.9 339.8 352.9 

Conductivity ADMI ASV253 50 384.88 13.13 Negative 194.1 251 377.3 429 456.5 

Conductivity ADMI ASV269 27 254.50 12.62 Negative 191.1 194.6 232.4 330.8 337.8 

Conductivity ADMI ASV286 13 86.14 9.03 Negative 51.4 71.5 78.6 91.6 153.7 

Conductivity ADMI ASV33 99 342.75 16.19 Negative 314 333.4 384 480.6 537.4 

Conductivity ADMI ASV219 28 704.17 15.46 Positive 586 619.9 651.5 727 768.3 

Conductivity ADMI ASV153 26 648.83 10.53 Positive 520.5 608.3 993.5 2557.8 2557.8 

Conductivity ADMI ASV70 59 729.00 10.45 Positive 337.8 362 708 747.6 787.7 

Conductivity ADMI ASV771 7 997.50 8.97 Positive 707.7 728.8 931.3 1064.6 1318.5 

Conductivity ADMI ASV7 176 309.75 8.4 Positive 297.6 314 491.8 721 751.3 

Conductivity ADMI ASV6 172 362.00 7.11 Positive 307.2 309.8 335.1 362 382.9 
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Conductivity ADMI ASV77 50 384.88 5.98 Positive 307.6 311.5 362 474.5 615.1 

Conductivity ADMI ASV156 31 384.88 5.89 Positive 266.3 267 377.7 414.3 421.7 

Conductivity ADMI ASV621 9 384.88 4.39 Positive 342 361.3 422.2 653 670 

Conductivity ADMI ASV256 19 295.21 3.55 Positive 289.9 292.6 475.5 2811.5 2811.5 

Phosphates FSAP ASV234 91 0.02 4.33 Negative 0.01 0.01 0.02 0.21 0.40 

Phosphates FSAP ASV655 11 0.14 4.44 Negative 0.07 0.09 0.11 0.13 0.13 

Phosphates FSAP ASV16 116 0.24 21.02 Positive 0.16 0.19 0.29 0.37 0.39 

Phosphates FSAP ASV232 47 0.11 7.83 Positive 0.10 0.11 0.17 0.24 0.26 

Phosphates FSAP ASV261 80 0.05 4.76 Positive 0.04 0.04 0.10 0.17 0.31 

Phosphates FSAP ASV43 91 0.39 12.41 Positive 0.08 0.10 0.30 0.44 0.60 

Phosphates FSAP ASV440 23 0.10 5.48 Positive 0.07 0.07 0.09 0.10 0.13 

Phosphates FSAP ASV445 24 0.68 11.51 Positive 0.10 0.31 0.66 1.40 1.46 

Phosphates FSAP ASV48 241 0.13 9.76 Positive 0.07 0.07 0.13 0.22 0.22 

Phosphates FSAP ASV74 90 0.50 25.78 Positive 0.31 0.32 0.47 0.54 0.58 

Phosphates FSAP ASV823 13 0.92 19.57 Positive 0.34 0.50 0.89 1.84 2.26 

Phosphates FSAP ASV983 17 1.46 16.04 Positive 0.16 0.17 1.47 2.64 3.35 

Sulphates FSAP ASV234 60 9.80 4.98 Negative 6.01 7.45 10.10 33.87 56.79 

Sulphates FSAP ASV655 7 7.77 8.70 Negative 2.75 2.93 7.05 10.10 26.60 

Sulphates FSAP ASV16 98 61.50 18.32 Positive 55.00 57.67 61.50 75.00 81.53 
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Sulphates FSAP ASV43 72 88.50 5.13 Positive 15.52 20.25 39.03 90.35 128.17 

Sulphates FSAP ASV445 24 452.00 10.14 Positive 38.00 60.75 423.50 482.25 498.25 

Sulphates FSAP ASV48 123 4.00 3.18 Positive 4.10 4.39 15.18 296.25 408.75 

Sulphates FSAP ASV74 83 55.25 16.21 Positive 45.80 47.00 54.00 74.67 81.53 

Sulphates FSAP ASV823 13 84.50 9.20 Positive 82.67 84.00 93.67 125.50 133.76 

Sulphates FSAP ASV983 17 94.33 9.54 Positive 41.57 55.82 102.00 142.07 344.50 

TOC FSAP ASV234 90 1.82 11.41 Negative 1.54 1.58 1.82 3.00 3.20 

TOC FSAP ASV655 11 1.80 4.20 Negative 0.60 1.10 1.68 2.95 3.00 

TOC FSAP ASV810 13 1.80 5.37 Negative 0.69 0.70 1.70 1.80 1.86 

TOC FSAP ASV16 115 4.90 14.09 Positive 2.60 2.90 4.90 5.05 5.23 

TOC FSAP ASV232 47 1.70 5.37 Positive 1.55 1.60 1.78 2.56 4.49 

TOC FSAP ASV233 43 1.52 5.03 Positive 1.48 1.50 1.60 3.78 4.02 

TOC FSAP ASV445 23 2.88 8.57 Positive 2.58 2.60 3.14 5.60 7.14 

TOC FSAP ASV48 240 2.20 12.36 Positive 1.60 1.66 2.15 2.40 2.56 

TOC FSAP ASV74 89 4.90 16.07 Positive 2.40 2.56 4.90 5.40 5.50 

TOC FSAP ASV823 13 7.48 11.16 Positive 2.90 2.95 5.10 7.14 7.48 

TOC FSAP ASV983 17 5.90 10.83 Positive 2.75 2.80 5.95 6.70 7.10 

Calcium NINC ASV53 119 88.77 10.21 Positive 81.80 86.84 92.00 104.79 121.17 

Calcium NINC ASV56 60 89.00 12.96 Positive 74.50 85.84 89.10 97.26 122.40 
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Calcium NINC ASV113 105 98.20 18.39 Positive 78.83 82.30 97.23 102.72 108.03 

Calcium NINC ASV249 7 20.27 3.24 Positive 18.00 18.48 23.10 94.29 101.04 

Calcium NINC ASV273 24 93.83 3.45 Positive 47.90 74.20 96.40 263.83 263.83 

Calcium NINC ASV457 10 243.17 6.04 Positive 71.10 82.32 244.00 263.83 288.50 

Calcium NINC ASV463 9 338.50 2.18 Positive 51.85 61.20 102.39 381.60 428.00 

Calcium NINC ASV615 8 338.50 7.16 Positive 70.20 74.18 239.88 338.50 356.00 

Calcium NSTS ASV94 46 70.10 12.63 Negative 48.00 53.43 57.68 67.34 68.00 

Calcium NSTS ASV117 60 56.42 21.36 Negative 42.99 45.46 54.35 63.00 65.40 

Calcium NSTS ASV288 16 37.25 12.96 Negative 9.94 13.00 37.00 54.27 56.85 
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1.Introduction 

The study of genetic variation in diatom populations has greatly increased our 

understanding of diatom biology. Particularly, these studies have broadened our 

knowledge about genetic diversity structure and connectivity of populations, evolutionary 

processes within species and populations and, speciation mechanisms (e.g. Casteleyn 

et al., 2009; Evans et el., 2009; Godhe & Härnström, 2010; Vanormelingen et al., 2015; 

Van den Wyngaert et al., 2015). Genetic information of diatom populations has 

traditionally been evaluated using different tools and markers such as amplified fragment 

length polymorphism (ALFP), microsatellites or Sanger sequencing. Despite the many 

valuable insights into diatom biology revealed by these studies, a common drawback of 

these approaches is the high time and effort required to reach a sampling size large 

enough to adequately cover the genetic diversity of the species. This is especially evident 

when dealing with rare species. 

The arrival of Next-generation sequencing technologies has overcome in somehow this 

limitation since genetic information from multiple species and a large number of samples 

can be evaluated at a fraction of the cost and time demanded by traditional approaches 

(Dufresne et al., 2014). In particular, the cost of sequencing has been significantly 

reduced with the advent of Illumina technologies compared to previous sequencing 

platforms (454 Roche GS FLX System), which has significantly improved the affordability 

of these technologies (Reuter et al., 2015). Nevertheless, the impossibility of relating 

sequencing reads to individuals and the low phylogenetic resolution of the short markers 

used are some of the major factors that reduce the possibilities achievable via 

metabarcoding at the population level. Despite these limitations, metabarcoding can still 

be considered a complementary tool able to provide valuable insights into the genetic 

structure of diatom populations as some studies have already shown, for example in the 

case of marine diatom planktonic species using the V4 rRNA marker (De Luca et al., 

2021; Ruggiero et al., 2022).  

A crucial step for accurately measuring genetic diversity via metabarcoding is to identify 

and discard PCR and sequencing artefacts. For this aim, bioinformatic pipelines based 

on sequencing denoising algorithms, such as DADA2 (Callahan et al., 2016), have been 

demonstrated to be particularly efficient for separating real genetic variants from 

artefacts (e.g. Macé et al., 2022; Tsuji et al., 2019). Nevertheless, chapters 2, 3 and 4 

evidenced that these algorithms still are subjected to errors as some ASVs denoted as 

real by DADA2 was very likely artefacts due to the presence of stop codons in their 

amino-acids sequences. This evidence the need for further analyses, such as 

UNIVERSITAT ROVIRA I VIRGILI 
BENTHIC DIATOM METABARCODING: DEVELOPING NEW APPROACHES TO RESEARCH AND BIOMONITORING IN AQUATIC ECOSYSTEMS 
Javier Pérez Burillo



Chapter 5 

191 
 

phylogenetic based analyses, for ensuring the reliability of genetic variants inferred by 

bioinformatics pipelines.  

Once genetic variants have been successfully validated as real, reliable haplotype 

frequency data can be extracted which can provide comprehensive coverage of the 

genetic diversity of a large number of taxa. In silico analyses of large-scale haplotype 

frequency data derived from metabarcoding studies of different ecosystems and 

geographic areas can provide new insights into the phylogeography of species (Burki et 

al., 2021; Turron et al., 2020). Numerous diatom metabarcoding datasets have recently 

become publicly available and thus provide a good opportunity to study aspects of diatom 

genetic diversity and phylogeography about which very little is known. 

As exemplified from our studies in freshwater environments (detailed in chapters 3 and 

4), it seems that benthic diatom species differ greatly in the number of rbcL variants, with 

some species represented by a high number of rbcL variants whereas others are 

reduced to only 1 or a few. In addition, our analyses in chapter 4 clearly evidenced that 

at the regional scale, different patterns in the genetic structure (i.e. phylogeographic 

patterns) of the rbcL marker were perceived among the species analyzed. Thus, 

Achnanthidium minutissimum and Fistulifera saprophila showed a large number of rbcL 

variants widely but differently distributed in French and Catalan rivers and moreover, 

within each species, certain variants clearly differed in their environmental preferences. 

By contrast, Nitzschia soratensis showed a lower number of ASVs compared to the 

previous two complexes, with a more restricted distribution to certain regions and similar 

preferences for environmental conditions. 

Thus, this study aimed firstly to characterize the intraspecific diversity (based on the short 

263-bp rbcL diatom marker) of multiple species using a large metabarcoding dataset 

covering different and well-separated regions. By doing this we also describe the 

phylogeographic patterns observed for each species in order to characterise common 

types of patterns among the species analysed. To our knowledge, there is not a study 

that has attempted to characterize the diversity of the short rbcL marker used for 

metabarcoding of freshwater diatom species and this might be relevant from both an 

ecological and applied perspective. Thus, characterization of rbcL diversity and 

phylogeography of diatom species could shed light on some traditional ecological 

questions such as the amount of cosmopolitan diversity in microeukaryotic communities 

(e.g. Finlay et al., 2002; Finlay & Fenchel, 2004). In addition, these data can inform on 

patterns of dominance among genetic variants within species that ultimately reflect which 

genetic variants are playing a higher role in ecosystem functions. On the other hand, this 
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information is relevant in a biomonitoring context, as demonstrated in Chapter 4, genetic 

variants within the species complex may differ in their ecological preferences, therefore, 

mapping genetic variants occurring in a given hydrogeographic region tell us whether 

variants with or without the same ecological profiles are expected to be found, potentially 

making future biomonitoring campaigns more effective. Overall, this is a first exploratory 

attempt that will be useful and supportive for future studies based on more efficient 

technologies (such as long sequencing technologies) that will be able to provide a better 

characterisation of the genetic diversity of diatoms. 

Second, aiming to understand the cause and significance of the differences observed in 

the intraspecific diversity among species, we correlated the rbcL diversity observed with 

several diatom traits:  

a) RbcL diversity between pennate and centric species was compared as it has 

been shown that the rate of diversification of diatom species showing an 

oogamous reproductive mode (i.e. only reported in centric species) is lower than 

those with an isogamous mode (i.e. mainly observed in pennate species) (Nakov 

et al., 2018). In addition, the symmetry of valves could be reflected into a higher 

or lower diversity of the rbcL since plastid inheritance patterns differ between 

centric and pennate species. Thus, a uniparental and maternal inheritance has 

been reported for most of the centric diatoms studied, while chloroplast in 

pennate species seems to be inherited exclusively biparentally (Mann, 1996; 

Round et al., 1990). The pattern of inheritance (biparental vs uniparental) can be 

expected to affect the time for fixation of chloroplast genes in populations and 

hence influence the diversity of rbcL present within species.   

 

b) Other aspects of chloroplasts (i.e. number and shape) were assessed as they 

characterise diatom groups and have been used to support taxonomic revisions 

(Sims et al., 2006 and reference therein). Because of their importance in the 

separation of diatoms, these aspects could be correlated with differences in the 

number of rbcL variants. It must be mentioned that the number of chloroplasts is 

greatly related to diatom symmetry as centric diatoms often have numerous 

chloroplasts per cell whereas pennate species often show 1, 2 or 4 chloroplasts 

(Mann 1996).  

 

c) Finally, the ecological guilds of diatom species (i.e. low profile, high profile, 

euplanctonic and motile guilds) and their motility (motile vs non-motile species) 

were correlated with genetic diversity observed among species. In this regard, 
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Nakov et al. (2018) found that the rate of diversification has been higher in motile 

species than in non-motile diatoms likely because motility provides higher 

potential and capabilities for exploiting new habitats and reproducing (sexually) 

more efficiently which ultimately is reflected in a higher genetic diversity. 

 

2. Material and Methods 

2.1 Data collection 

We conducted a comprehensive search during May and June of 2021 for diatom 

metabarcoding data based on the rbcL marker. This search was conducted in two public 

online repositories: 1) the Sequence Read Archive (SRA) repository of high-throughput 

sequencing data provided by NCBI and 2) the open-access research data repository 

Zenodo. In both repositories, the set of keywords used sought to cover any 

metabarcoding research that used the rbcL gene and diatoms were one of the target 

organisms. The search was not limited to any specific time period. We used the following 

different keywords, in different combinations, for the search: diatom, rbcl, 

metabarcoding, microeukaryotic and microalgae. 

The results provided by this initial search were carefully and manually screened to find 

all possible studies that met our criteria. Following this examination, we were able to 

identify 9 rbcL metabarcoding datasets (7 deposited at SRA and 2 at Zenodo). These 9 

datasets cover regions in North America (California, Ohio [Smucker et al., 2020] and 

Ontario [Maitland et al., 2020]), Europe (Fennoscandia [Bailet et al., 2020], France [Tardy 

et al., 2021] and Spain [Nistal-García et al., 2021]), Asia (Tibet [Kang et al., 2021]) and 

the Indian Ocean (Mayotte [Vasselon et al., 2017]) (Table 1). In addition to these 9 

datasets, we include in our study the other datasets used in previous chapters (1, 3 and 

4), which come from routine WFD biomonitoring programmes in rivers in the UK, France 

and Catalonia (NE Spain) (see detailed information in chapters 1, 3 and 4). Most of these 

datasets are derived from river communities, but a few of them include samples from 

lakes (Table 1). Finally, all of these datasets constituted the data analyzed in this study 

and were based on several types of DNA extraction kits, sequencing technologies and 

diatom rbcL markers (i.e. 331-bp or 263-bp) (Table 1).  
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2.2. Bioinformatic analyses and data merging 

2.2.1 ASVs inference through DADA2 pipelines 

Bioinformatics analyses were conducted on the forward (R1) and reverse (R2) reads 

from the different datasets to infer Amplicon Sequence Variants (ASVs), which 

constituted the fundamental units on which further examinations were carried out. ASVs 

were generated using the R package DADA2 (Callahan et al., 2016) and the different 

datasets were analyzed separately. When a dataset was formed by more than 1 Illumina 

run, each of the runs was also analysed individually. The first step conducted in the 

bioinformatics pipeline was to remove the primers from the raw R1 and R2 reads. For 

this, we used cutadapt (Martin, 2011) to specifically identify and remove the different sets 

of primers used to generate the metabarcoding sequences. Note that the 2 datasets 

derived from PGM Ion Torrent (see Table 1) were constituted by single-end reads and 

therefore cutadapt was applied in each file to remove both forward and reverse primers. 

Then, the resulting R1 and R2 reads (or single-end reads in the case of data derived 

from PGM Ion Torrent) were truncated to approximately 220–240 and 160–200 

nucleotides respectively, based on their quality profiles (median quality score ≥ 30). After 

this truncation step, reads with ambiguities or showing an expected error (maxEE) higher 

than 2 were discarded. The DADA2 denoising algorithm was then applied to determine 

an error rates model in order to infer amplicon sequence variants (ASVs). Finally, ASVs 

detected as chimeras were identified and discarded using the function 

“removeBimeraDenovo”.   

2.2.2 ASVs information merged according to the marker 

Once the ASVs had been inferred from each dataset analysed, all the sequence tables 

based on the same marker (263-bp or 331-bp) were firstly truncated to the corresponding 

assumed marker length (i.e. 263-bp or 331-bp) using Mothur (Schloss et al., 2009) and 

then merged with the DADA2 function "mergeSequenceTables". This allowed us to 

homogenise the information (abundance and sequence identity of the ASVs) of the 

different sequence tables obtained, thus avoiding having two or more ASVs identical in 

their rbcL sequence over the shared region but labelled differently. By doing this, we 

obtained two merged datasets, one containing all the ASVs based on the 263-bp marker 

and another set with all those based on the 331-bp marker.  
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2.2.3 ASVs information merged according to the 263-bp shared region 

The next step was to merge the ASVs from these two datasets (263-bp and 331-bp ASVs 

datasets), as the region of interest was the shared 263-bp region of both markers 

(intraspecific variation occurs in the 68-bp tail of the 331-bp marker, as shown in chapter 

3 but obviously cannot be compared across datasets using the 263-bp marker). For this, 

the Basic Local Alignment Search Tool (BLAST) was used to compare all 263-bp ASVs 

with their 331-bp counterparts, in order to identify those ASVs from both datasets that 

were identical in the 263-bp region. In this analysis, we considered ASVs to be identical 

for the 263-bp region (i.e. synonymous) if, in this region, they showed a pairwise-

alignment with 100% similarity, no gaps and mismatches, and a full cover of the query 

sequence (i.e. ASVs based on 263-bp). Next, a common identification name was 

provided for those ASVs identified as synonymous and abundance sequencing tables 

were merged accordingly. Thus, the resulting merged dataset contained all the unique 

263-bp ASVs inferred from all the original datasets. Finally, a preliminary taxonomic 

classification for these ASVs was given by the naïve Bayesian classifier method (Wang 

et al., 2007) and the reference library Diat.barcode v10 (Rimet et al., 2019). In this regard, 

the naïve Bayesian classifier is based on sequence similarity and does not take into 

account phylogenetic relationships, which are necessary to successfully provide a 

reliable taxonomy for the different ASVs obtained (described in more detail in section 

2.4). 

2.3. Species selection 

Since the genetic variants used in our study required a thorough pre-validation process 

(see section 2.4), it was impractical to use all the potentially detected species in our 

dataset (i.e. 504 firstly identified by the naïve bayesian classifier) and therefore we 

selected a subset of the total species. The selection of the subset of species was mainly 

aimed at achieving a sufficient representation of species with different diatom traits, since 

one of the objectives of this study was to correlate these different traits with the genetic 

diversity of the rbcL marker. To make such a selection, the number of centric and 

pennate species was first evaluated and, since the number of centric species was very 

limited (only 28), we decided to keep all centric species identified by the naïve Bayesian 

classifier. Among the pennate species, the selection was made to achieve a balance In 

which there was a sufficient number of representative species for each of the following 

traits: number of chloroplasts, chloroplast shape, biovolume and ecological guilds. In 

addition, we avoided selecting those rare species that were represented scarcely 

represented in our dataset (i.e. < 100 reads and < 4 samples). Based on these criteria, 
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we selected a total of 46 pennate species (table 2). Centric and pennate selected species 

comprised a total number of 74 species and are hereinafter referred to as target species.  

2.4 Phylogenetic analyses for validation of ASVs 

Phylogenetic analyses were performed in order to try to recover all possible genetic 

variants of the selected species. Such analyses were performed separately for each 

target species and each included 1) all available reference sequences of the target 

species deposited in Diat.barcode v10, 2) all inferred ASVs in our dataset that shared at 

least 95% nucleotide similarity with the reference sequences of the target species (step 

1). [Note that the nucleotide similarity data were obtained by BLAST analyses that 

compared all inferred ASVs in our dataset with all reference sequences included in 

Diat.barcode v10.] 3) All reference sequences available in Diat.barcode v10 that shared 

at least 95% similarity with the ASVs previously selected in step 2 were also included. 

The latter was done to include species closely related to the target species and thus 

increase the robustness of the phylogenetic analysis. 

All the phylogenetic trees evaluated were performed using raxmlGUI with the GRT-

Gamma model (Silvestro & Michalak, 2012) and with 500 replicates for the bootstrap 

analyses. Note that though bootstrap values were useful for checking the robustness of 

the different clades, our validation of ASVs (detailed in following paragraph) was based 

on the topology of the tree regardless of the bootstrap support values the clades 

received. All the trees were previously aligned using the Muscle alignment algorithm 

(Edgar, 2004) and they were visualized using iTOL (https://itol.embl.de) (Letunic & Bork, 

2019).  

The trees generated were carefully examined to elucidate the phylogeny of the different 

ASVs. Validation of the ASVs was relatively straightforward for some species that were 

clearly monophyletic groups on the basis of reference sequences (e.g. Aulacoseira 

granulata, Melosira nummuloides, Halamphora veneta), whereas it was more complex 

and difficult for those species that were paraphyletic groups (mainly in Achnanthidium 

minutissimum, Fistulifera saprophila and Amphora pediculus). In the latter case, the 

criterion followed was to consider as reliable ASVs those variants of a given species that 

were located in subclades defined only by reference sequences of the target species. 

However, some ASVs that were distributed in different clades formed only by ASVs, i.e. 

without any reference sequence of any species, were also considered valid variants due 

to their close phylogenetic proximity to other subclades defined by reference sequences 

of the target species. Although the selection of ‘valid’ ASVs was performed consistently 

according to the criteria outlined, this process could introduce some subjectivity in our 
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analyses, especially in the case of paraphyletic species. Furthermore, because the 

validation process for ASVs from species complexes does not consider all the clades 

from the complex but just those related to reference sequences with the same name as 

the targeted morphospecies, certainly a small amount of genetic diversity from these 

complexes was artificially removed. Achnanthidium minutissimum is perhaps the most 

relevant case as the only ASVs we considered to be valid for analysis were those closely 

related to ‘A. minutissimum’ reference sequences and we avoided considering those that 

appeared closely related (in our phylogenies) to reference sequences from A. digitatum, 

A. saprophilum, A. jackii, A. eutrophilum and A. lineare. However, the larger proportion 

of ASVs within this complex was related to A. minutissimum reference sequences and 

only a small number were related to the other species listed above. Finally, in order to 

remove likely HTS artefacts, we did not consider as valid ASVs those that showed stop 

codons and/or were recorded with less than 10 reads or in less than 2 samples.  

2.5 Traits comparison and haplotype networks 

The different traits evaluated were diatom stria pattern and symmetry (i.e. centric vs 

pennate), number of chloroplasts, chloroplast shape, size class, ecological guild, and 

motility (Table 2). For each of the 74 species analyzed, information about these traits 

was extracted from Diat.barcode v10.  

Kruskal–Wallis (Hollander and Wolfe, 1973) tests with post hoc Dunn's test (Dunn, 1964) 

were performed to determine whether the number of valid ASVs per species differed 

statistically (p < 0.05) among the different traits. Note that since some of the chloroplast 

shapes were represented by only 1 or 2 cases, only those categories with more than 3 

representatives were included in the statistical analyses (i.e. elongate, plate, H-shaped 

and discoid) (Table 2). For the same reason, the categories included in statistical 

analyses regarding the chloroplast number were 1, 2 and nb (i.e. numerous). 

In order to evaluate the phylogeography of the different species across the regions 

surveyed, haplotype networks based on the TCS algorithm (Clement et al. 2002) were 

constructed individually for each species surveyed and using the corresponding 

validated ASVs and their occurrence (presence/absence data). Haplotype networks 

were performed and visualized using PopART software (Leigh and Bryant, 2015). 
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3.Results 

3.1. Number of ASVs per species and relation with diatom traits. 

Statistical analyses comparing ASV numbers with diatom traits indicated that the number 

of ASVs per species differs significantly between pennate and centric diatoms (p = 

0.0018). The average and standard deviation of the number of ASVs per species were 

2.25 and 3 for centric species and 6.40 and 10.97 for pennate diatoms (Table 3).  

Kruskal–Wallis test indicated statistically significant differences between life-form and 

the number of ASVs but the post hoc Dunn's test of multiple comparisons did not find 

statistical differences (p < 0.05), being found in the comparison between euplanctonic 

and low-profile the highest differences (p = 0.78). Both Kruskal–Wallis test and Dunn's 

test indicated statistically significant differences between the number of chloroplasts and 

the number of ASVs; in particular, Dunn's test indicated significant differences in ASVs 

between species with 2 and multiple chloroplasts (p = 0.036). The average and standard 

deviation of the number of ASVs per species were 7.21 and 7 for species with 2 

chloroplasts and 2.71 and 3.21 for species with multiple chloroplasts (Table 3). 

Regarding the comparison between the ASV and chloroplast number, it must be noted 

that all the species analyzed in this study with 2 chloroplasts were pennate whereas all 

but 2 of the species analyzed with multiple chloroplasts constituted centric diatoms. The 

number of ASVs per species was close to being significantly different among chloroplast 

shapes (p = 0.056) and between mobile and non-mobile species (p = 0.052) 

3.2 Phylogeographical patterns 

Through the examination of the phylogeography of the different species shown by 

haplotype networks we could identify at least 4 types of phylogeographic patterns (Table 

4; Annex 1): 

Type I: This pattern was represented by species showing only 1 ASV. This pattern was 

most frequently observed in centric species (18 out of 28 species examined) but was 

also well represented in pennate species (14 out of 44 species assessed). Within this 

category, the single ASV observed for each species could be widely distributed in several 

regions (e.g. Navicula tripunctata) or restricted to a single region with little occurrence 

(i.e. rare ASVs) (e.g. Gomphonema rosenstockianum). 

Type II: A second pattern was shown by those species with more than 2 ASVs in which 

1 or 2 ASVs clearly predominated over the others both in occurrence and in the number 

of regions where they were distributed. An important feature of this type of pattern was 

the presence of rare ASVs. The number of rare ASVs could be only 1 (e.g. Pinnularia 
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neomajor) or several (e.g. Melosira varians). The exceptions were Surirella solea and 

Aulacoseira granulata. The former did not show rare ASVs restricted to only 1 region, 

but it was included in this pattern because of the clear predominance in terms of 

occurrence of 1 ASV over the other. By contrast, A. granulata shows 2 ASVs with very 

similar occurrences. However, 1 of them clearly dominated in terms of the number of 

regions where it was distributed.  

Type III: A third pattern was characterized by the presence of 2 to 3 ASVs per species, 

with none of them apparently dominating over the others and the absence of rare ASVs. 

Although within some species the presence and distribution of certain ASVs may be 

greater than of other ASVs (e.g. Cyclotella cryptica), these did not constitute as clear 

patterns of dominance as those observed in type II species. Basically, the characteristics 

of this pattern can be regarded as the opposite of type 2.  

Type IV: This pattern was represented by species consisting of a high number of ASVs 

(minimum observed in a species were 7 ASVs) of which a high proportion were recorded 

with a high occurrence and a wide distribution, making it difficult to draw strong 

conclusions about predominance patterns. In addition, species with this pattern have 

rare ASVs but in all the cases these constituted a small proportion of the total number 

identified per species. 

Two exceptions were Eunotia bilunaris and E. minor, which did not fit into any of the 

categories previously defined. These two species were characterized by medium-high 

genetic diversity but no patterns of dominance were observed among their ASVs. 

 

4.Discussion 

The discussion of this chapter is included in section 2.1 of the general discussion of this 

thesis.  
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Table 1. Metadata of the different metabarcoding datasets used in this study  

Repository id 
where data is 
available 

Doi reference 
study 

No. 
Samples 

Sequencing 
platform 

RbcL 
Marker  Location 

Extraction method 
used 

ERP124785 

https://doi.org/10.10
16/j.jhazmat.2021.1
25121 48 Illumina MiSeq 263 

WWTP 
efluents, 
France. FastDNA Spin Kit  

SRP291163 

https://doi.org/10.13
71/journal.pone.024
2143 45 Illumina MiSeq 263 

Rivers, 
Ontario 
Canada  DNeasy PowerSoil kit 

SRP234514 
https://doi.org/10.10
02/eap.2205 342 Illumina MiSeq 263 

Rivers, 
Ohio, USA 

DNeasy PowerLyzer 
PowerSoil Kit 

SRP217406 

https://doi.org/10.10
16/j.ecolind.2020.10
7070 23 Illumina MiSeq 331 

Lake Nam 
Co,Tibet. 

DNeasy PowerMax 
Soil Kit (wet samples) / 
DNeasy PowerSoil Kit 
(sedsamples) 

SRP290705 

No study found - 
Data collected by  
southern california 
water research 
project 85 Illumina MiSeq 263 

Small rivers, 
California, 
USA No info 

SRP255509 

https://doi.org/10.10
16/j.scitotenv.2021.
147410. 22 Illumina MiSeq 263 

Small 
ponds, 
Leon, Spain. 

PowerSoil DNA 
Isolation Kit 

https://zenodo.or
g/record/388581
0#.YIbPJqHtaUk  

https://doi.org/10.10
16/j.scitotenv.2020.
140948 48 Illumina MiSeq 263 

Rivers and 
lakes, 
Fennoscandi
a 

NucleoSpin Soil kit 
(MN-Soil)  

https://zenodo.or
g/record/400160
#.YK0ONaHtaUk  

https://doi.org/10.10
16/j.ecolind.2017.06
.024  80 PGM Ion Torrent 263 

Rivers, 
Mayotte Own method 

https://zenodo.or
g/record/115786
5#.Yo9c51RByU
k 

https://doi.org/10.10
07/s13127-018-
0359-5  156 PGM Ion Torrent 263 

Lakes, 
France GenElute TM-LPA 

Own data 

https://doi.org/10.10
16/j.scitotenv.2020.
138445  307 Illumina MiSeq 263 

Rivers, 
Catalonia, 
Spain 

NucleoSpin Soil kit 
(MN-Soil)  

Data available at  
https://data.inrae.
fr/dataset.xhtml?
persistentId=doi:
10.15454/9EG5Z
4&version=1.1  

https://doi.org/10.10
16/j.ecolind.2019.10
5775 447 Illumina MiSeq 263 

Rivers, 
France.  

GenElute TM-LPA / 
NucleoSpin Soil kit 
(MN-Soil)  

Data supplied by 
Dr Kerry Walsh 
(UK Environment 
Agency) 

https://doi.org/10.10
16/j.ecolind.2020.10
6725  1714 Illumina MiSeq 331 Rivers, UK 

DNeasy Blood and 
Tissue kit 
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Table 2 List of species used for this study including information on the number of ASVs, traits and inferred phylogeographic pattern type for each species. 

Information about different diatom traits was extracted from Diat.barcode v10. Note that * indicates those categories of specific traits that were not 

included in statistical analyses due to their low representation (i.e.N < 4). 

Species Taxonomic class 
No. 

ASVs 
Phylogeogr
aphy type 

Diatom 
symmetr

y 

No. 
Chloroplas

t 
Chloroplast 

shape 
Ecological 

guild Mobility 

Achnanthidium 
minutissimum Bacillariophyceae 70 IV Pennate 1 plate Low profile Yes 

Fistulifera saprophila Bacillariophyceae 24 IV Pennate 2 plate Motile guild Yes 

Nitzschia palea Bacillariophyceae 22 IV Pennate 2 plate Motile guild Yes 

Amphora pediculus Bacillariophyceae 16 IV Pennate 1 H-shape Low profile Yes 

Ulnaria ulna Fragilariophyceae 15 II Pennate 2 ribbon* High profile No 

Cyclotella meneghiniana Mediophyceae 13 IV Centric Numerous discoid Euplanctonic No 

Rhoicosphenia abbreviata Bacillariophyceae 13 II Pennate 1 H-shape Low profile No 

Melosira varians Coscinodiscophyceae 12 II Centric Numerous 
lobed, small 
plate-like* High profile No 

Navicula lanceolata Bacillariophyceae 12 II Pennate 2 plate Motile guild Yes 

Eunotia bilunaris Bacillariophyceae 10 - Pennate 2 elongate High profile Yes 

Fragilaria gracilis Fragilariophyceae 9 IV Pennate 2 plate High profile No 

Nitzschia inconspicua Bacillariophyceae 9 IV Pennate 2 plate Motile guild Yes 

Navicula cryptocephala Bacillariophyceae 8 IV Pennate 2 plate Motile guild Yes 

Encyonema minutum Bacillariophyceae 8 II Pennate 1 H-shape High profile Yes 

Nitzschia fonticola Bacillariophyceae 7 IV Pennate 2 plate Motile guild Yes 

Reimeria sinuata Bacillariophyceae 7 II Pennate 1 much-lobes* Low profile Yes 
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Sellaphora saugerresii Bacillariophyceae 7 II Pennate 1 H-shape Motile guild Yes 

Eunotia minor Bacillariophyceae 6 - Pennate 2 elongate High profile Yes 

Tabellaria flocculosa Fragilariophyceae 5 II Pennate Numerous strip-like* High profile No 

Conticribra weissflogii Mediophyceae 4 III Centric Numerous discoid Euplanctonic No 

Halamphora veneta Bacillariophyceae 4 II Pennate 1 H-shape Low profile Yes 

Diatoma vulgaris Fragilariophyceae 3 II Pennate Numerous 
flat, divided into 2 

lobes* High profile No 

Aulacoseira subarctica Coscinodiscophyceae 3 II Centric Numerous discoid Euplanctonic No 

Stephanodiscus 
hantzschii Mediophyceae 3 II Centric Numerous discoid Euplanctonic No 

Denticula tenuis Bacillariophyceae 3 III Pennate 2 plate Motile guild Yes 

Cymbella excisa Bacillariophyceae 3 II Pennate 1 H-shape High profile Yes 

Parlibellus protracta Bacillariophyceae 3 III Pennate   High profile Yes 

Hydrosera sp. Mediophyceae 2 III Centric Numerous 
elliptical 

platelets* No 

Aulacoseira granulata Coscinodiscophyceae 2 II Centric Numerous discoid Euplanctonic No 

Cyclostephanos 
invisitatus Mediophyceae 2 II Centric Numerous discoid Euplanctonic No 

Cyclotella cryptica Mediophyceae 2 III Centric Numerous discoid Euplanctonic No 

Pleurosira laevis Mediophyceae 2 II Centric Numerous discoid High profile No 

Eunotia arcus Bacillariophyceae 2 II Pennate 2 elongate High profile Yes 

Craticula subminuscula Bacillariophyceae 2 III Pennate 2 plate Motile guild Yes 

Pinnularia neomajor Bacillariophyceae 2 II Pennate 2 plate Motile guild Yes 

Navicula radiosa Bacillariophyceae 2 III Pennate 2 plate Motile guild Yes 

Surirella solea Bacillariophyceae 2 II Pennate 1 lamellar* Motile guild Yes 

Epithemia turgida Bacillariophyceae 2 II Pennate 1 large, plate* Motile guild Yes 
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Gomphonella olivacea Bacillariophyceae 2 III Pennate 1 H-shape  No 

Cymbella lanceolata Bacillariophyceae 2 II Pennate 1 H-shape High profile Yes 

Cymbella aspera Bacillariophyceae 2 III Pennate 1 H-shape High profile Yes 

Planothidium 
frequentissimum Bacillariophyceae 2 III Pennate 1 plate Low profile Yes 

Ellerbeckia sp. Coscinodiscophyceae 1 I Centric Numerous small, discoid* High profile No 

Melosira nummuloides Coscinodiscophyceae 1 I Centric Numerous 
lobed, small 

plate* Euplanctonic No 

Aulacoseira ambigua Coscinodiscophyceae 1 I Centric Numerous discoid Euplanctonic No 

Cyclostephanos dubius Mediophyceae 1 I Centric Numerous discoid Euplanctonic No 

Cyclostephanos 
tholiformis Mediophyceae 1 I Centric Numerous discoid Euplanctonic No 

Cyclotella atomus Mediophyceae 1 I Centric Numerous discoid Euplanctonic No 

Discostella 
pseudostelligera Mediophyceae 1 I Centric Numerous discoid Euplanctonic No 

Discostella sp. Mediophyceae 1 I Centric Numerous discoid Euplanctonic No 

Discostella stelligera Mediophyceae 1 I Centric Numerous discoid Euplanctonic No 

Pleurosira nanjiensis Mediophyceae 1 I Centric Numerous discoid  No 

Thalassiosira gessneri Mediophyceae 1 I Centric Numerous discoid Euplanctonic No 

Urosolenia eriensis Coscinodiscophyceae 1 I Centric Numerous discoid  No 

Skeletonema potamos Mediophyceae 1 I Centric few/cell* 
disc-like or cup-

shape* Euplanctonic No 

Skeletonema subsalsum Mediophyceae 1 I Centric few/cell* 
disc-like or cup-

shape* Euplanctonic No 

Terpsinoe musica Mediophyceae 1 I Centric   High profile No 

Eunotia pectinalis Bacillariophyceae 1 I Pennate 2 elongate High profile Yes 

Fragilaria perminuta Fragilariophyceae 1 I Pennate 2 plate High profile No 

Navicula tripunctata Bacillariophyceae 1 I Pennate 2 plate Motile guild Yes 
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Nitzschia frustulum Bacillariophyceae 1 I Pennate 2 plate Motile guild Yes 

Cocconeis pediculus Bacillariophyceae 1 I Pennate 1 C-shape* Low profile Yes 

Epithemia gibba Bacillariophyceae 1 I Pennate 1 large, plate* Motile guild Yes 

Luticola goeppertiana Bacillariophyceae 1 I Pennate 1 2 lobes* Motile guild Yes 

Surirella ovalis Bacillariophyceae 1 I Pennate 1 lobed, plate* Motile guild Yes 

Gomphonella 
olivaceolacuum Bacillariophyceae 1 I Pennate 1 H-shape  No 

Encyonopsis minuta Bacillariophyceae 1 I Pennate 1 H-shape Low profile Yes 

Gomphonema 
bourbonense Bacillariophyceae 1 I Pennate 1 H-shape High profile Yes 

Gomphonema 
rosenstockianum Bacillariophyceae 1 I Pennate 1 H-shape High profile Yes 

Gomphonema truncatum Bacillariophyceae 1 I Pennate 1 H-shape High profile Yes 

Sellaphora capitata Bacillariophyceae 1 I Pennate 1 H-shape Motile guild Yes 

Discostella nipponica Mediophyceae 1 I Centric    No 

Discostella woltereckii Mediophyceae 1 I Centric   Euplanctonic No 
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Table 3. Range, average and standard deviation of the number of ASVs per species in 

the different categories of diatom traits analyzed. * Indicate categories within a trait with 

statistically significant differences found in the number of ASVs per species. 

 

 

 

Table 4. Summary of the different characteristics that defined the four 

phylogeographic patterns observed among the species analyzed. 

 

Pattern No. of 
species 

No. ASVs per 
specie 

Dominance of 1-2 
ASVs  

Presence of rare 
ASVs 

Type I 32 1 - Yes 

Type II 20 ≥2 Yes Yes 

Type III 10 2-3 No  No 

Type IV 9 ≥7 No Yes 

 

Diatom trait Category No. species 
within 

category 

Range No. ASVs 
per species within 

category 

Average and Standard No. 
ASVs per species within 

category 

Diatom symmetry Centric* 28 1-13 2.25 ± 3 

Diatom symmetry Pennate* 46 1-70 6.48 ± 11.08 

Ecological guild Euplanctonic 19 1-13 2.16 ± 2.77 

Ecological guild High profile 21 1-15 4.24 ± 4.17 

Ecological guild Low profile 8 1-70 15.25 ± 23.21 

Ecological guild Motile 19 1-24 5.68 ± 6.94 

Chloroplast shape Discoid 18 1-13 2.28 ± 2.82 

Chloroplast shape Elongate 4 1-10 4.75 ± 4.11 

Chloroplast shape H-shape 15 1-16 4.2 ± 4.75 

Chloroplast shape Plate 16 1-70 10.94 ± 17.31 

No. chloroplasts 1 24 1-70 6.25 ± 14.16 

No. chloroplasts 2* 19 1-24 7.21 ± 7 

No. chloroplasts Numerous* 24 1-13 2.71 ± 3.21 

Motility No 35 1-15 3.17 ± 4.01 

Motility Yes 38 1-70 6.55 ± 11.98 
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General discussion 
 

Diatoms are a very diverse group of unicellular cells distributed worldwide in 

almost all types of aquatic systems where they play a key role in the 

biogeochemical cycles and food webs (Fry & Wainright, 1991; Smetacek et al., 

1999). Benthic diatoms have been widely used as biological indicators in 

biomonitoring programs due to their broad biogeographical distribution, their 

sensitivity to environmental changes and their well-known ecological preferences 

(Stevenson 2014). However, the difficulties associated with diatom morphological 

identifications have led to the search for alternative methods that can facilitate 

the taxonomic identification of diatoms at the species level.  

The arrival of DNA metabarcoding (i.e. the identification of multiple species based 

on high-throughput sequencing [HTS] of a particular marker) has emerged as an 

alternative to light microscopic identifications because it overcomes some of the 

inconveniences associated with morphological examinations (i.e. high time 

demands, the need for highly trained personnel and limitations in spatio-temporal 

scale). Moreover, the study of metabarcoding data can offer new insights into 

species diversity and ecology. However, numerous factors are known to bias the 

effectiveness of diatom DNA metabarcoding. Some of these can be overcome 

simply by adjusting the methodology used, but other limitations require 

technological advances to be resolved.  

The work developed in this thesis aimed to identify the main limitations of the 

applicability of DNA metabarcoding to benthic diatom communities (with special 

attention put on Mediterranean areas) and to present solutions to some of these 

identified drawbacks. Furthermore, this work aimed to explore the possibilities 

achievable by the current position of metabarcoding for addressing ecological 

questions beyond biomonitoring and biodiversity assessments. Finally, we 

propose future lines of action that could improve the current state-of-the-art. 
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1. Main factors compromising the effectiveness of diatom DNA 

metabarcoding 

1.1. Completeness of the reference library  

One of the most important factors that determine the success of DNA 

metabarcoding is the availability of a complete and curated reference library since 

it largely determines the amount of HTS information that can be used. The current 

version of the diatom reference library (Diat.barcode v10; Rimet et al., 2019) 

covers 4783 rbcL entries, which represents a total of 1280 diatom taxa. This 

figure is certainly a minor proportion of the total diatom species estimated to exist, 

for instance, at least 30000-100000 species were guessed by Mann & 

Vanormelingen (2013). However, as discussed below, the degree of 

completeness of the reference library is relative to the purpose of the study and 

the studied environment.  

Thus, if the purpose is to establish DNA metabarcoding for the study of benthic 

diatom communities in Mediterranean rivers, such as those of Catalan rivers (NE 

Spain), our analyses described in Chapter 1 indicated that the reference library 

can be considered quite complete since it includes most of the common species 

occurring in the rivers surveyed. This showed that DNA metabarcoding and LM 

offered a similar picture of diatom communities and a very good agreement 

between methods in WFD ecological status assessment, which is explained 

because the IPS index evaluated is strongly influenced by the indicator values of 

the most abundant species (i.e. pollution sensitivity values [IPSS] and pollution 

tolerance values [IPSV]). Indeed, to our knowledge, the agreement between 

approaches in WFD ecological assessments of Catalan rivers is higher than 

those obtained in any other similar study (e.g. Mortágua et al., 2019; Kelly et al., 

2020; Vasselon et al., 2017) which strongly encourages the use of DNA 

metabarcoding for WFD biomonitoring of these systems. In addition, these results 

indicate the potential of metabarcoding not only for biomonitoring purposes but 

also for aspects of biodiversity, such as species distribution and ecology. 

More in detail, we found that out of the 20 most abundant species recorded by 

morphological analysis in Catalan rivers, only 3 species (Cocconeis euglypta, C. 

placentula var. lineata and Gomphonema lateripunctatum) lacked representative 
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sequences in the version of the reference library used at the time the study was 

conducted (Diat.barcode v7). In contrast, the current version of the reference 

library (Diat.barcode v10) includes rbcL reference sequences for C. euglypta. 

This is clearly an important addition since our sensitivity analysis applied to 

morphological data (Chapter 1) showed that this species was among the 10 

species that most contributed to determining the IPS scores of Catalan rivers. 

This inclusion is also meaningful for other Mediterranean rivers where this 

species is abundant and has importantly contributed to the differences between 

methods (Kulaš et al., 2022; Mortágua et al., 2019; Pissaridou et al., 2021).  

However, our analyses detected that some of the genetic variants of C. euglypta 

widely distributed in European freshwater rivers are at risk of being discarded 

during bioinformatic analyses. The reason behind this is that some of these rbcL 

variants slightly differ in nucleotide length regarding the length typically assumed 

for the short diatom rbcL markers developed for metabarcoding (i.e. 331-bp or 

263-bp without considering primers). In addition, the short rbcL sequences of C. 

euglypta show a very high nucleotide similarity with some C. placentula reference 

sequences. Therefore, it is advisable not to strictly trim the sequences using the 

expected marker length of 331-bp (but to allow for variations of a few nucleotides) 

and to assess the taxonomy of variants from this species by phylogenetic analysis 

rather than by classifiers based on sequence similarity (issue further developed 

in section 1.4).  

By contrast, the analyses detailed in chapter 2 indicated that the current state of 

the reference library for studying benthic diatom communities in coastal 

Mediterranean environments is far from the level achieved for western 

Mediterranean rivers. The incompleteness of the reference library for these 

systems is explained because freshwater diatoms have traditionally been more 

studied than their marine counterparts, despite the enormous diversity of benthic 

diatoms known to occur in these environments (Witkowski et al. 2000). These 

gaps in the reference dataset are reflected in the fact that out of the 20 most 

abundant species identified morphologically, 12 lack representative rbcL 

sequences, while the equivalent figure for Catalan rivers is 2 (detailed above). 

Some of these abundant taxa in Ebro Delta Bays, such as Cocconeis scutellum, 

Navicula normaloides and N. normalis, are also often reported as very abundant 

UNIVERSITAT ROVIRA I VIRGILI 
BENTHIC DIATOM METABARCODING: DEVELOPING NEW APPROACHES TO RESEARCH AND BIOMONITORING IN AQUATIC ECOSYSTEMS 
Javier Pérez Burillo



General discussion 

213 
 

species in coastal systems from other Mediterranean areas which suggests that 

they should be considered as priorities for being barcoded. 

However, it is unrealistic to expect that all the abundant and moderately abundant 

species of marine benthic diatoms that lack representative sequences will be 

covered soon by the reference library. So the question arises as to how much of 

the total rbcL data generated by HTS can be successfully translated into a 

molecular taxonomic inventory? There are two main ways of addressing this 

question. Firstly, if the criterion for considering reliable taxonomic assignments at 

the species level is to find an exact match with reference sequences, then less 

than 7% of the total inferred genetic variants in the Ebro delta bays can be 

classified, which contrasts sharply with the 17-22% of the genetic diversity from 

freshwater European systems currently represented by reference sequences (i.e. 

data from Catalan, UK and French rivers). Secondly, If the strategy is rather the 

use of commonly applied automated identification methods for metabarcoding 

data (e.g., the Naïve Bayesian classifier; Wang et al., 2007), the proportion of 

discards is reduced, as these algorithms can successfully classify query 

sequences that are not yet barcoded but are phylogenetically related to other 

sequences included in the reference library. However, even assuming that a 

reliable taxonomic assignment could be provided for rbcL variants that share ≥ 

99% similarity with reference sequences, our data indicate that only 32% of the 

total diatom reads captured by HTS platforms in Ebro delta bays could be 

assigned at the species level. The same calculation for Catalan rivers shows that 

80% of the total diatom reads can potentially be classified with the current state 

of the reference library. 

Finally, these results clearly show that only a small portion of the entire benthic 

diatom community in coastal environments can be provided by DNA 

metabarcoding, which clearly undermines its applicability in these systems. It is 

also true, as our study and others have shown (e.g. Car et al., 2019; Kanjer et 

al.,2019; Hafner et al., 2018), that some of the most common marine taxa in 

Mediterranean coastal areas remain morphologically undescribed, indicating that 

both approaches are incomplete for these environments and therefore the best 

current strategy for assessing diatom diversity is to use both methods in parallel 

exploiting the strengths of each. 
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1.2. Variations in rbcL copy number per cell 

Apart from the gaps in the reference library, DNA metabarcoding protocols 

involve a variety of technical and biological factors that can bias the results 

obtained (Santoferrara et al., 2019) leading to the molecular inventory produced 

not accurately reflecting the diatom community inhabiting a particular 

environment.  

Among them, Chapters 1 and 2 indicated that interspecific variation in rbcL copy 

number per cell probably contributes importantly to the observed discrepancies 

between methods (i.e. DNA metabarcoding versus LM) in the relative abundance 

of species in both freshwater and marine systems. This variation depends on the 

gene copy number per chloroplast and chloroplast number per cell. Thus, high 

biovolume species with multiple chloroplasts tend to be represented by DNA 

metabarcoding with higher relative abundance than low biovolume species with 

low numbers of chloroplasts (Vasselon et al., 2018). In our study, species likely 

to have been underrepresented by DNA metabarcoding due to this reason were 

Nitzscha inconspicua and Achnanthidium minutissimum (cell biovolume 89 µm3 

and 76 µm3 respectively; Diat.barcode v10) and overrepresented were Ulnaria 

ulna, Pleurosira laevis, Achnanthes longipes (cell biovolume 4724 µm3, 133916 

µm3 and 8450 µm3 respectively; Diat.barcode v10) and Pleurosigma sp. In 

freshwater systems, this bias led to important discrepancies in IPS scores 

between methods. In marine systems, it caused different patterns of dominance 

in ecological guilds depending on whether the method used was morphology or 

metabarcoding. It is therefore important to identify how the relative abundance of 

species is affected by this bias since different conclusions could be drawn about 

both the suitability of metabarcoding for WFD biomonitoring and the response of 

diatom communities to environmental pressures. 

A correction factor (CF) has been developed to reduce the effect of this bias on 

the relative abundance of species (Vasselon et al., 2018). Chapter 1 showed that 

the application of CFs in our study area improved the agreement in species 

relative abundance between DNA metabarcoding and morphological 

examinations, which was translated into a higher correlation in IPS scores 

between methods. However, some authors have advocated avoiding the use of 

CFs in diatom metabarcoding data, as variations in rbcL copies in turn reflect 
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differences in cell size that may ultimately provide information on the contribution 

of different species to diatom productivity (Kelly et al., 2020). Indeed, the recent 

study by Teittinen et al. (2022) has shown that benthic diatom communities 

comprising larger taxa are more productive compared to those comprising 

smaller species, and furthermore, body size was a more important factor in 

explaining ecosystem productivity than species richness or evenness.  

1.3. Choice of short rbcL markers for diatom metabarcoding 

The two main markers used for diatom metabarcoding studies are the V4 region 

of the nuclear 18S rRNA gene and a region within the plastid rbcL gene, both 

regions being circa 300-400 bp long (including primers). It must be noted that 

studies aiming to evaluate potential diatom barcodes, examining sequences 

longer than 300-400 bp and closer to the full lengths of the genes, have shown 

that rbcL and 18S markers show a lower nucleotide divergence than COI and ITS 

markers which can compromise the resolution of phylogenetic relationships in 

certain groups (Evans et al., 2007; Guo et al., 2015). However, intragenomic 

variation in the ITS region (Behnke et al., 2004) and the reduced amplification 

success of COI for some species (Trobajo et al., 2010) undermine the potential 

of both regions as diatom barcodes. Thus, 18S rRNA and rbcL are currently the 

preferred markers for DNA metabarcoding because they contain enough 

variability to discriminate between most of the species currently recognized and 

are easily amplifiable. In particular, for freshwater benthic diatom metabarcoding, 

rbcL is often preferred because it is better covered in the reference library than 

18S rRNA. Some exceptions are the planktonic marine genus Chaetoceros for 

which most reference sequences belong to 18S rRNA (Gaonkar et al., 2018) and, 

therefore, this marker is preferred for metabarcoding studies involving marine 

taxa of this genus (e.g. De Luca et al., 2021; Gaonkar et al., 2020).   

There are currently two rbcL markers (263-bp and 331-bp in length) widely used 

for diatom metabarcoding that share a common 263-bp region but differ in the 

presence or absence of a 68-bp tail located at the 5’ end. Both markers have 

been used for biomonitoring and diversity analyses with successful results (e.g. 

Kang et al., 2021; Kelly et al., 2020; Rimet et al., 2018; Rivera et al., 2020) but 

the effects of including or discarding the variability of the 68-bp tail had not been 

tested. Chapter 3 indicated that the choice between these two similar diatom rbcL 
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markers has little effect on both biomonitoring purposes and biodiversity 

analyses. However, the shorter marker (i.e. 263-bp) shows limitations in 

discriminating rbcL variants from some common freshwater species. The most 

striking example is a widely distributed and abundant variant in UK rivers which 

is unambiguously classified as Surirella brebissonii by the 331-bp marker but 

shares the 263-bp region with a total of 10 different Surirella taxa. As shown in 

our results, this may have implications for biomonitoring as some of these 

identical species for the 263-bp region differ in the indicator values. Indeed, this 

was the reason that explained why some sites altered their ecological status from 

acceptable classes (i.e. "Good"/"High") to unacceptable status 

("Poor"/"Poor"/"Moderate") after switching from the 331-bp marker to the 263-bp 

one respectively. Additionally to the WFD implications, these cases also reflect 

limitations of the 263-bp marker for studying aspects related to species 

distribution, ecology and intraspecific diversity. 

On the other hand, chapter 3 indicated that the 331-bp marker reflects more 

information about the amino acid sequence of the rbcL gene than the 263-bp 

region since the extra 68-bp tail includes important amino acid variability. 

Importantly, this extra aminoacid information could provide additional insights into 

the ecology of the species once it is understood how the amino acid sequence of 

the rbcL gene affects the efficiency of the Rubisco. Thus, the rbcL gene contains 

the catalytic sites of Rubisco and therefore the amino acid structure of this gene 

is expected to determine the efficiency of the enzyme (Liu et al., 2010). The key 

point here, as indicated by Valegård et al. (2018), is that interspecific differences 

in Rubisco efficiency, which have been reported for some marine species (Young 

et al., 2016), could be ecologically relevant if they affect the competitive ability 

and environmental adaptation of diatom species, similar to what has been 

suggested for some gymnosperm species for which it has been observed that 

changes in rbcL amino acids were correlated with distribution differences along 

the altitudinal gradient (Liu et al., 2010). However, very little is known about the 

structure of Rubisco rbcL in diatoms (the only report of crystal structure in diatoms 

has recently been given by Valegård et al., 2018), making it difficult to infer to 

what extent amino acid changes across the 331-bp region may affect Rubisco 

efficiency and, consequently, how these changes might influence the 
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environmental adaptability of diatom species. To conclude, the study of large 

amino acid datasets, easily facilitated by DNA metabarcoding, may shed light on 

these aspects once the understanding of diatom rbcL structure is improved. 

1.4. Taxonomic classification of rbcL diatom genetic variants: Biases and 

recommendations 

A common finding in our studies was that an important number of diatom genetic 

variants captured by HTS, and whose taxonomy at the species level can be 

resolved because there are closely related reference sequences, were 

nevertheless at risk of being discarded after the application of the bioinformatic 

pipeline due to one of the following reasons: 1) the classifier does not assign the 

rbcL variant to any species, 2) rbcL variants receive a taxonomic assignation but 

not the correct one (i.e. false positives) or 3) correctly classified variants are 

rejected because of the poor bootstrapping support received (i.e. false 

negatives). Our analyses in chapter 3 found that the above cases were often 

explained by a decrease in Bayesian classifier efficiency caused either by low 

coverage of rbcL species diversity in the reference library or by high nucleotide 

similarity in the rbcL marker between separate species. 

Phylogenetic analyses, performed on a large number of species during our 

studies, proved to be a very efficient procedure to accurately classify at the 

species level a significant number of genetic variants that were at risk of being 

discarded for the reasons mentioned above. The main limitation of this procedure 

is its complexity since performing phylogenetics trees for many taxa is a laborious 

task that requires much more time than classifying sequences using similarity-

based classifiers. In addition, reconstructing the phylogeny of query variants also 

requires taxonomic knowledge because the choice of the reference taxa to be 

included is crucial to properly resolve phylogenetic relationships between clades. 

Despite these disadvantages, the procedure has proven to be very efficient, as 

demonstrated by the highly diverse species complexes Nitzschia inconspicua, 

Fistuilfera saprophila and Achanthidium minutissimum (Chapter 4). For each of 

these 3 species, the taxonomy of more than 50% of the total variants detected by 

our analyses in Catalan and French rivers were not represented in the reference 

library. Preliminary identification was made by the Bayesian classifier, but in 

addition, phylogenetic analyses were made to check their assignment. 
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Importantly, the higher adequacy of phylogenetic-based classification for diatom 

rbcL variants was also reflected in a lower number of false negatives compared 

to the number obtained by naïve Bayesian approach. 

Therefore, these results encourage the use of phylogenetic (or evolutionary) 

placement algorithms such as EPA-ng or PPLACER (Barbera et al., 2018; 

Matsen et al., 2010) that classify short sequences on the basis of a phylogenetic 

reference tree. In addition, recently developed tools (e.g. Genesis and Gappa; 

Czech et al., 2020) have optimised the time and computational resources 

required by phylogenetic placement methods (main limitations associated with 

these methods), making these algorithms even more appealing for studies that 

involve large spatial and temporal scales and where the taxonomy of thousands 

of sequences is to be elucidated.  

On the other hand, our results (Chapters 3, 4 and 5) reflected that the divergence 

of the short rbcL markers evaluated (i.e. 263-bp and 331-bp) is not very similar 

among species but it varies greatly. Therefore, it is highly recommendable to 

avoid the use of OTUs approaches based on fixed and arbitrary similarity 

thresholds such as the traditionally assumed 97% threshold, which was initially 

established for the 16S rRNA in bacteria (Stackebrandt & Goebel, 1994). Though 

it has been argued that this cutoff may also work for these short diatom rbcL 

markers (Kelly et al., 2020), our results cast doubt on the effectiveness of this 

cutoff, as rbcL variants from different morphospecies were often observed to have 

nucleotide similarities above 97% and therefore would be allocated to the same 

OTU. Some of the examples detected in our data are, among others, Diatoma 

moniliformis and D. tenuis; Encyonema ventricosum and E. minutum; Nitzschia 

perminuta and N. acidoclinata. Importantly, these pairs of species differ in their 

indicator values (i.e. IPSS and IPSV), which means that the decision about the 

threshold to be used can have a significant impact on the final ecological status 

assessment, as demonstrated by Tapolczai et al. (2019). It also artificially 

undermines the potential of DNA metabarcoding for other ecological studies 

where achieving the lowest possible taxonomy level is crucial. For instance, 

metabarcoding procedures avoiding taxonomical classification of genetic entities 

(e.g. Apothéloz‐Perret‐Gentil et al., 2017; Feio et al., 2020; Smucker et al., 2020) 

are not able to allow analysis of diatom traits, such as ecological guilds, which 
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provide meaningful information about the response of diatom communities to 

environmental conditions and stressors (Passy, 2007; Tapolczai et al., 2016 & 

2017).  

 

2. Possibilities brought by DNA metabarcoding in the current state-of-the-

art  

Although the factors mentioned above may diminish the effectiveness of DNA 

metabarcoding for characterising benthic diatom communities, our analyses 

indicated that DNA metabarcoding is in its current state a promising tool for 

assessing aspects of diatom diversity and ecology that are difficult or impossible 

to address through morphological analyses. Thus, in the following sections, we 

discuss the opportunities of metabarcoding to study the phylogeography of 

diatoms, the significance of genetic diversity within species complexes and the 

potential of the method to reflect the diversity that is overlooked by LM. 

 

2.1. Phylogeographical patterns and meaning of intraspecific variation in 

freshwater diatoms  

The use of markers with sufficient phylogenetic signal at the intraspecific level, 

together with methods capable of detecting and separating sequencing artefacts, 

make DNA metabarcoding a technique capable of providing significant 

information on the genetic diversity of species and how that diversity is 

geographically structured (Turon et al., 2022). Our results from the analysis of a 

large metabarcoding dataset spanning different biogeographic regions (chapter 

5) indicated important differences between species with respect to the 

intraspecific diversity of the 263-bp marker. Thus, after studying the intraspecific 

diversity of a total of 74 freshwater species, we could define four common 

phylogeographic patterns among species that were characterised by a) the 

number of variants per species, b) the presence of rare and/or dominant variants 

and, c) the apparent geographic dispersal ability. Although we were able to 

identify four different phylogeographic patterns between species for the 263-bp 

region, we could not reach definitive conclusions about what causes these 

UNIVERSITAT ROVIRA I VIRGILI 
BENTHIC DIATOM METABARCODING: DEVELOPING NEW APPROACHES TO RESEARCH AND BIOMONITORING IN AQUATIC ECOSYSTEMS 
Javier Pérez Burillo



General discussion 

220 
 

patterns, though there we found some interesting correlations that we speculate 

may be related to the intraspecific heterogeneity. 

Thus, our data clearly indicated that centric species showed significantly fewer 

rbcL variants than pennate species. Except for Cyclotella meneghiniana and 

Melosira varians, there were no centric species with more than 4 rbcL variants 

and most of them were represented by only 1 or 2 variants. The cause of these 

differences between pennate and centric species is difficult to disentangle but 

could be related to several aspects. On the one hand, the higher rbcL diversity of 

pennate species could be associated with the fact that different patterns of plastid 

inheritance have been reported for pennate and centric diatom species. Thus, 

plastids are inherited uniparentally in centric diatom species whereas they are 

inherited biparentally in most pennate species in which this topic has been 

studied (Jensen et al. 2003; Round et al. 1990). Given that biparental inheritance 

may produce a greater number of rbcL haplotypes in the F1 generation, it is to be 

expected, perhaps, that pennate species will maintain higher rbcL diversity than 

centric species. Additionally, the rate of diversification in diatoms has been 

reported to be higher in lineages showing an isogamous reproductive mode (i.e. 

mainly observed in pennate species) than in lineages with an oogamous mode 

(i.e. only reported in centric species) (Nakov et al., 2018).  

Although both reproduction mode (i.e. during auxosporulation) and plastid 

inheritance patterns (segregation during mitotic cell division) could be behind the 

higher intraspecific diversity found for the pennate species, it should be noted 

that such differences could be partly because of the number of centric species 

analysed was much lower compared to the pennate species. This is explained 

because the samples analysed in this study correspond to the benthic habitat 

where most species are pennate. A future study increasing the sampling effort 

for centric species, and covering both benthic and planktonic habitats, could shed 

light on the differences in intraspecific diversity between groups as well as in the 

phylogeographic patterns reported among species. 

On the other hand, as demonstrated in Chapter 4, phylogeographic studies based 

on metabarcoding of short markers are particularly useful for improving our 

understanding of the significance of intraspecific variation in diatom species 

complexes. In this regard, our analyses in Catalan and French rivers showed that 
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rbcL variants of Achnanthium minutissimum, Fistulifera saprophila and Nitzschia 

inconspicua species were widely but not uniformly distributed. Thus, a high 

proportion of variants were detected in both Catalan and French rivers and in 

addition, a comparison with the UK dataset used in Chapter 3 revealed that many 

of these variants were also found in UK rivers. Moreover, some of these variants 

showed 100% identity with clonal rbcL sequences isolated from elsewhere in 

Europe, North America and Hawaii. Overall, these results agree well with the 

ubiquitous dispersal hypothesis of Finlay (2002) and some other studies, based 

on Sanger sequence data, have reported that similar or identical diatom rbcL 

variants are distributed in different geographical regions (Vanormelingen et al., 

2015). 

Despite the presence of many variants in separate regions, the distribution of 

genetic variants varied greatly at more local scales, which could indicate that, 

although individuals are able to disperse over long distances, their biogeography 

at the local level is shaped by a combination of local barriers to dispersal, fine-

scale environmental conditions and stochastic processes. These factors have 

been suggested to explain the biogeography of diatoms in other regions (Keck et 

al., 2018) but also the distribution of a wide range of protist groups (Logares et 

al., 2018, Singer et al., 2021). 

In addition to the uneven geographical distribution, chapter 4 indicated that rbcL 

variants within A. minutissimum and F. saprophila differed in their ecological 

preferences. This may indicate that the broad ecological tolerance assumed for 

these complexes may be the result of a continuum of overlapping preferences 

between variants, which has clear implications for biomonitoring programmes, as 

not all variants within a species complex should be assigned the same indicator 

values. Based on these results, it is strongly recommended to carry out a similar 

approach that could shed light on the significance of the high intraspecific 

diversity detected in some other common species such as Nitzschia palea, 

Amphora pediculus, Ulnaria ulna, Cyclotella meneghiniana, Eunotia bilunaris or 

Cocconeis placentula. 
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2.2. DNA metabarcoding is able to identify weakly-silicified, rare, small and 

recently described species easily overlooked by LM  

Several reasons explain why DNA metabarcoding is an effective tool for the study 

of species that are often neglected or misidentified by LM. Firstly, samples 

analysed by DNA metabarcoding do not undergo the specific chemical treatment 

used in morphological analysis to facilitate the visualisation of diatom valves 

under LM. Chapters 1 and 2 evidenced that the absence of this preparation 

process was an important factor explaining some of the significant discrepancies 

observed between methods in both freshwater and marine environments. In the 

case of Catalan rivers, Fistulifera saprophila was the most remarkable example. 

This species was better represented by metabarcoding probably because its 

weakly silicified frustules (Zgrundo et al., 2013) were dissolved after the chemical 

treatment used in the LM. Importantly, the higher representation of this species 

with DNA metabarcoding may have important economic consequences if the 

transition from LM to DNA metabarcoding for routine biomonitoring of WFD 

becomes effective. Similarly, in marine environments, Thalassiosira profunda 

was the predominant species according to the molecular method while it was 

hardly recorded by LM. We hypothesise that this species is widely present in this 

environment as an endosymbiont in foraminifera or dinoflagellates and, 

consequently, the species and/or host organism might have been lost after 

chemical treatment of the samples.   

Secondly, our results also indicated that DNA metabarcoding is more sensitive 

than LM for detecting rare, small and recently described species. Thus, some 

species are too rare to be found by the common 300-400 valve counts performed 

in routine LM examinations, whereas the generation of thousands of reads per 

sample by metabarcoding allows the detection of these very rare specimens. 

Similarly, DNA metabarcoding is most effective in identifying small and newly 

described species that are easily overlooked during LM counts as a consequence 

of their small size and the fact that they may not be included in the taxonomic 

keys used during routine LM counts. Examples of species identified by 

metabarcoding, but missed by LM due to the above reasons, were Pseudo-

nitzschia delicatissima, Planothidium victorii and Gedaniella panicellus.  
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2.3. Non-diatom taxa amplified by diatom designed rbcL primers  

Our analyses demonstrate that rbcL primers designed for amplifying a short 263-

bp region of freshwater diatoms (Vasselon et al., 2017) can amplify non-diatom 

species in both marine and freshwater environments. In marine environments, 

results from chapter 2 show that a total of 41 ASVs were classified across 10 

different classes of the phylum Ochrophyta. This reflects that the primer binding 

region is highly conserved among the different classes of this phylum which could 

be due to the fact that all classes of Ochrophyta share the same Rubisco ID Form 

(Tabita et al., 1999; Íñiguez et al., 2020). Interestingly, this binding region seems 

to be also conserved among other rubisco forms, since we observed that 

Chlorophyta species (Rubisco IB form) were detected with these primers in 

Catalan and French rivers. 

The possibility to identify other groups by metabarcoding should be interpreted 

as valuable additional information provided by the method, as some of these non-

diatom taxa identified in our study area are difficult to identify by LM, due to their 

small size and similar morphologies, and some others are relevant taxa from an 

economic and ecological perspective. An example is Chattonella subsalsa, which 

was detected in the Ebro delta bays and is associated with red tides and mass 

fish kill events (Lewitus et al., 2008). Overall, these results highlight the 

importance of further exploring the range of taxa that can be detected by primers 

designed for diatoms. However, despite these interesting findings, non-diatom 

ASVs constituted only a minor proportion of the total reads generated (e.g. ~ 1% 

in coastal environments) and therefore these primers cannot be expected to 

provide a global view of the microphytobenthos communities occurring in the 

environment, but can only recover a few examples for some particular clades. 

Thus, if the purpose is to study other specific groups of non-diatom 

microphytobenthos using short rbcL markers, primers designed for targeting 

these groups should be used as recently demonstrated by the high diversity of 

Eustigmatophyceae rbcL variants obtained via metabarcoding (Fawley et al., 

2021). If the objective is rather to obtain a broader picture of the microbenthic 

communities, different and more variable markers should be used such as the V4 

of the 18S rRNA (further developed in section 3.2) 
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3. Future perspectives 

As discussed in the previous sections, the current position of DNA metabarcoding 

may provide an effective method for WFD biomonitoring programmes. 

Furthermore, it may offer new opportunities to study aspects of species ecology 

that were previously unknown and difficult to infer through traditional methods. 

Despite these possibilities, several technological and methodological advances 

could extend the currently achievable dimension with metabarcoding. 

3.1. Third-generation sequencing technologies  

Our studies identified that one important factor undermining the potential of 

diatom DNA metabarcoding was the existence of high sequence homology 

among rbcL variants from separated species, which difficulted or precluded the 

unambiguous identification of some variants at the species level (see section 1.4). 

This limitation can be overcome with the arrival of long-read sequencing platforms 

(e.g. Pacific Bioscience or Oxford Nanopore Technologies) capable of providing 

reliable sequencing lengths well above 1200 - 1600 bp (Tedersoo et al., 2020), 

which is the common length of the full rbcL region in diatoms. Moreover, 

phylogeography analyses using the full rbcL genotypes could well characterize 

the genetic diversity structure of diatoms species, which could confirm the 

differences observed within species complexes in ecological preferences and 

phylogeographic patterns. 

Another benefit derived from this technology is that long sequencing reads 

extracted from the environment can be used to create more robust and complete 

reference phylogenies, filling the gaps generated by the lack of reference 

sequences. At the same time, these robust phylogenies lead to increased 

confidence in the taxonomic placement of short reads (Jamy et al., 2019). This 

could be especially useful for assessing the taxonomy of genetic variants from 

poorly studied environments, such as coastal environments,  where most inferred 

diatom variants remained unclassified after applying bioinformatics analyses. 

Despite the advantages, there are some drawbacks associated with long-read 

sequencing technologies. The most important limitations are perhaps the fact that 

both Pacific Bioscience (PacBio) and Oxford Nanopore Technologies show lower 

sequencing depth and higher error rates than short-read technologies (Sanding 
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et al., 2021; Tedersoo et al., 2020), which could particularly compromise the study 

of species biodiversity and genetic diversity, as both factors may lead to an 

underestimation of the number of genetic variants occurring in the environment. 

However, the accuracy of third-generation sequencing technologies has greatly 

increased in the past years. In the case of PacBio technologies, it has been 

reported the capability of providing highly accurate long reads (≥99.8%) through 

the use of the circular consensus sequencing method (CSS) (Wenger et al., 

2019). On the other hand, it should be noted that the order of genes in the 

chloroplast genome in diatoms is not conserved (Hamsher et al., 2019). This 

makes it difficult to find universal primers capable of amplifying chloroplast 

regions containing genes other than the rbcL gene, which limits the potential of 

these technologies. 

3.2. Broaden the view of the microeukaryotic community 

As indicated in section 2.3, short rbcL primers cannot provide a representative 

view of the whole microeukaryotic community occurring in a particular 

environment but only specific groups can be examined. For covering a wider 

range of groups, other regions are needed and in this regard, markers from the 

18S rRNA region have been the most widely used in protist metabarcoding 

studies and particularly, the V4 hypervariable regions have been often applied for 

exploring the diversity of protists (e.g. de Vargas et al., 2015; Massana et al., 

2015; Yeh et al., 2020). The attraction of this marker for metabarcoding studies 

is explained because it contains sufficient phylogenetic resolution in many 

groups, there are universal primers (e.g. Reuk454FWD1 and ReukREV3), and 

importantly, it is covered by several curated references libraries such as Silva 

and PR2 (Guillou et al. 2013; Quast et al. 2012). Importantly, the wider taxonomic 

coverage achievable using these markers extends the applicability of DNA 

metabarcoding for other objectives such as, for example, the study of species’ 

role in bioremediation processes (Annex 1).  

Despite these advantages, the use of the rRNA region also has some drawbacks. 

For instance, the V4 marker is not optimal for separating certain taxa within 

several groups such as Haptophyte, Streptophyta or Chlorophyta (Lopes dos 

Santos et al., 2017; Pawlowski et al., 2012), although this limitation will be likely 

bypassed by integrating further rRNA genes or even the full rRNA operon using 
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long sequencing technologies (Heeger et al., 2018; Jamy et al., 2019). 

Furthermore, it has been shown that environmental changes can drive 

intraspecific variation in rRNA gene copy number (Lavrinienko et al., 2021), 

making it difficult to extract robust statements about species response to the 

environment and population dynamics via metabarcoding of rRNA markers, as 

exemplified in Ruggiero et al. (2022). 

Finally, in the particular case of diatoms, switching to another marker is probably 

suboptimal because rbcL is better covered by the diatom reference library. For 

this reason, most of the diatom metabarcoding work done in previous years has 

been based on rbcL, so switching to another marker would increase the number 

of protists groups covered but at the same time, it would compromise the 

comparability with previous studies clearly undermining potential of DNA 

metabarcoding. This trade-off, therefore, implies that the choice of the marker 

should be made according to the research question being addressed and the 

community wanted to be studied. 

3.3. Enhancing the compatibility of data and developing new metrics and 

ecological understanding 

DNA metabarcoding involves a variety of different steps, from sampling to 

bioinformatics analysis, which can be adjusted according to the research 

question addressed, thus considerably improving the efficiency of the method. 

However, it is this flexibility in methodology that in turn can compromise the 

comparability of results and the transferability of the methods used (e.g. Bailet et 

al., 2020, Vasselon et al., 2018). Currently, in order to increase the reproducibility 

and transferability of routine biomonitoring assessment on a European scale, 

major efforts are being undertaken to standardise some of the critical steps of 

DNA metabarcoding, such as DNA extraction and PCR amplification (Vasselon 

et al., 2021). However, universalising a single strict protocol and method on a 

European scale may be a mistake. Instead it may be more advisable to allow 

some flexibility, since, as outlined below, the potentially most effective strategy 

depends on the benthic community inhabiting the particular region to be 

examined.  
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Thus, Vasselon et al. (2018) reported that different DNA extraction kits did not 

perform equally among all the taxa, for instance, some kits were apparently better 

in extracting DNA from Nitzschia and Amphora, whereas other kits were more 

efficient for taxa from Encyonema, Gomphonema and Navicula. In relation to 

bioinformatics and the marker used, this thesis has shown some cases where 

standardisation towards a fixed protocol could again be sub-optimal. Examples 

are those rbcL variants that cannot be discriminated using the 263-bp marker 

(e.g. variants of Surirella brebissonii) or those prone to be misclassified by 

commonly applied automatic classifiers based on sequence similarity (e.g. 

variants of Achnanthidium minutissimum complex, Nitzschia perminuta, 

Encyonema ventricosum). Another example was variants of Cocconeis 

placentula where the ASVs have different lengths to those assumed for either 

263-bp and 331-bp diatom markers and are thus at risk of being deleted during 

bioinformatics analyses if a strict or inappropriate length filter is applied. We 

conclude that, although standardisation can be positive to increase transferability 

between laboratories, the establishment of rigid protocols can potentially 

compromise the effectiveness of the method for both biomonitoring and 

ecological studies, so expert judgement should prevail when deciding which 

protocols and methods to apply in each specific case. 

On the other hand, comparability and future use of data would be enhanced if 

researchers made the inferred ASVs or OTUs publicly available, and in a 

comparable format, along with physical and chemical data of the samples 

analyzed, if these are available. Such matched datasets are not common and 

their further analysis could lead to significant advances. For example, it would be 

possible to increase knowledge of the occurrence and preferences of some 

species whose ecology is little known (e.g. Nitzschia dissipata var. media, 

Planothidium victorii, Fragilaria agnesiae). The better characterisation of the 

ecological profiles of diatom species could then be used to establish indicator 

values for species that currently lack them. However, it would be a mistake to 

restrict the use of metabarcoding data to computing metrics that emulate indices 

designed for use with morphological data. Instead, it will be important to take 

advantage of aspects that are exclusively provided by DNA metabarcoding. 

Examples, as discussed in the previous sections, could be the use of information 

UNIVERSITAT ROVIRA I VIRGILI 
BENTHIC DIATOM METABARCODING: DEVELOPING NEW APPROACHES TO RESEARCH AND BIOMONITORING IN AQUATIC ECOSYSTEMS 
Javier Pérez Burillo



General discussion 

228 
 

about the contribution of species to diatom productivity inferred from species 

differences in rbcL copy number per cell; the integration of information about the 

non-diatom taxa co-amplified with diatoms, which could provide a wealth of 

information about them that is often missing because of difficulties in identifying 

them (e.g. many eustigmatophytes and unicellular green algae have few 

morphological characteristics that can be used in diagnosis and rapidly decay 

after sampling); and the inclusion of entities whose taxonomy cannot be 

determined using the current reference library but whose ecological profiles can 

be assessed via a taxonomic free approach (e.g. Tapolczai et al., 2021). All of 

these factors, together with the application of third-generation (long-read) 

sequencing technologies and the technical recommendations presented in this 

thesis, would enable the development of more informative biological indices of 

ecosystem health and would also enhance our current capacity to study the 

ecology and diversity of microeukaryotes. 
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Kostka, M., Kudryavtsev, A., Lara, E., Lukeš, J., Mann, D.G., Mitchell, E.A.D., Nitsche, F., 

Romeralo, M., Saunders, G.W., Simpson, A.G.B., Smirnov, A.V., Spouge, J.L., Stern, R.F., 

Stoeck, T., Zimmermann, J., Schindel, D., de Vargas, C., 2012. CBOL protist working group: 

barcoding eukaryotic richness beyond the animal, plant, and fungal kingdoms. PLoS Biol. 10, 

e1001419. http://dx.doi.org/10.1371/journal.pbio.1001419.  

Pissaridou, P., Vasselon, V., Christou, A., Chonova, T., Papatheodoulou, A., Drakou, K., Tziortzis, I., 

Dörflinger, G., Rimet, F., Bouchez, A., Vasquez, M.I., 2021. Cyprus’ diatom diversity and the 

association of environmental and anthropogenic influences for ecological assessment of rivers 

using DNA metabarcoding. Chemosphere 272, 129814. 

https://doi.org/10.1016/j.chemosphere.2021.129814.  

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., Peplies, J., Glöckner, F.O., 2012. 

The SILVA ribosomal RNA gene database project: improved data processing and web-based 

tools. Nucleic Acids Res. 41, D590-D596. https://doi.org/10.1093/nar/gks1219.  

Rimet, F., Vasselon, V., A.-Keszte, B., Bouchez, A., 2018. Do we similarly assess diversity with 

microscopy and high-throughput sequencing? Case of microalgae in lakes. Org. Divers. Evol. 18, 

51-62. https://doi.org/10.1007/s13127-018-0359-5.  

Rimet, F., Gusev, E., Kahlert, M., Kelly, M.G., Kulikovskiy, M., Maltsev, Y., Mann, D.G., Pfannkuchen, M., 

Trobajo, R., Vasselon, V., Zimmermann, J., Bouchez, A., 2019. Diat.barcode, an open-access 

curated barcode library for diatoms. Sci. Rep. 9, 1-12. https://doi.org/10.1038/s41598-019-51500-

6. 

UNIVERSITAT ROVIRA I VIRGILI 
BENTHIC DIATOM METABARCODING: DEVELOPING NEW APPROACHES TO RESEARCH AND BIOMONITORING IN AQUATIC ECOSYSTEMS 
Javier Pérez Burillo

https://doi.org/10.1111/1462-2920.14265
https://doi.org/10.1111/jeu.12047
https://doi.org/10.1111/1462-2920.12955
https://doi.org/10.1186/1471-2105-11-538
https://doi.org/10.1016/j.ecolind.2019.105470
https://doi.org/10.1111/nph.15137
https://doi.org/10.1016/j.aquabot.2006.09.018
http://dx.doi.org/10.1371/journal.pbio.1001419
https://doi.org/10.1016/j.chemosphere.2021.129814
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1007/s13127-018-0359-5
https://doi.org/10.1038/s41598-019-51500-6
https://doi.org/10.1038/s41598-019-51500-6


General discussion 

232 
 

Rivera, S.F., Vasselon, V., Bouchez, A., Rimet, F., 2020. Diatom metabarcoding applied to large scale 

monitoring networks: optimization of bioinformatics strategies using mothur software. Ecol. Indic. 

109, 105775. https://doi.org/10.1016/j.ecolind.2019.105775.  

Round, F.E., Crawford, R.M., Mann, D.G., 1990. The diatoms. Biology and morphology of the genera. 

Cambridge University Press, Cambridge. 

Ruggiero, M.V., Kooistra, W.H., Piredda, R., Sarno, D., Zampicinini, G., Zingone, A., Montresor, M., 2022. 

Temporal changes of genetic structure and diversity in a marine diatom genus discovered via 

metabarcoding. Environ. DNA. https://doi.org/10.1002/edn3.288  

Sandin, M.M., Romac, S., Not, F., 2021. Intra-genomic rDNA gene variability of Nassellaria and 

Spumellaria (Rhizaria, Radiolaria) assessed by Sanger, MinION and Illumina sequencing. 

Environ. Microbiol. https://doi.org/10.1111/1462-2920.16081 

Santoferrara, L.F., 2019. Current practice in plankton metabarcoding: optimization and error 

management. J. Plankton Res. 41, 571-582. https://doi.org/10.1093/plankt/fbz041.  

Stackebrandt, E., Boebel, B.M., 1994. Taxonomic note: a place for DNA-DNA reassociation and 16S 

rRNA sequence analysis in the present species definition in bacteriology. Int. J. Syst. Evol. 

Microbiol. 44, 846-849. https://doi.org/10.1099/00207713-44-4-846.  

Singer, D., Seppey, C.V.W., Lentendu, G., Dunthorn, M., Bass, D., Belbahri, L., Blandenier, Q., Debroas, 

D., de Groot, G.A., de Vargas, C., Domaizon, I., Duckert, C., Izaguirre, I., Koenig, I., Mataloni, G., 

Schiaffino, M.R., Mitchell, E.A.D., Geisen, S., Lara, E., 2021. Protist taxonomic and functional 

diversity in soil, freshwater and marine ecosystems. Environ. Int. 146. 

https://doi.org/10.1016/j.envint.2020.106262.  

Smetacek, V., 1999. Diatoms and the ocean carbon cycle. Protist 150, 25-32. 

https://doi.org/10.1016/s1434-4610(99)70006-4.   

Smucker, N.J., Pilgrim, E.M., Nietch, C.T., Darling, J.A., Johnson, B.R., 2020. DNA metabarcoding 

effectively quantifies diatom responses to nutrients in streams. Ecol Appl. 30, e02205. 

https://doi.org/10.1002/eap.2205.  

Stevenson, J., 2014. Ecological assessments with algae: a review and synthesis. J. Phycol. 50, 437–461. 

https://doi.org/10.1111/jpy.12189  

Tabita, F.R., 1999. Microbial ribulose 1, 5-bisphosphate carboxylase/oxygenase: a different perspective. 

Photosynth. Res. 60, 1-28. https://doi.org/10.1023/A:1006211417981.  

Tapolczai, K., Bouchez, A., Stenger-Kovács, C., Padisák, J., Rimet, F., 2016. Trait-based ecological 

classifications for benthic algae: review and perspectives. Hydrobiologia 776, 1-17. 

https://doi.org/10.1007/s10750-016-2736-4.  

Tapolczai, K., Bouchez, A., Stenger-Kovács, C., Padisák, J., Rimet, F., 2017. Taxonomy-or trait-based 

ecological assessment for tropical rivers? Case study on benthic diatoms in Mayotte island 

(France, Indian Ocean). Sci. Total Environ. 607, 1293-1303. 

https://doi.org/10.1016/j.scitotenv.2017.07.093.  

Tapolczai, K., Keck, F., Bouchez, A., Rimet, F., Kahlert, M., Vasselon, V., 2019. Diatom DNA 

metabarcoding for biomonitoring: strategies to avoid major taxonomical and bioinformatical 

biases limiting molecular indices capacities. Front. Ecol. Evol. 409. 

https://doi.org/10.3389/fevo.2019.00409.  

Tapolczai, K., Selmeczy, G.G., Szabó, B., B-Béres, V., Keck, F., Bouchez, A., Rimet, F., Padisák, J., 

2021. The potential of exact sequence variants (ESVs) to interpret and assess the impact of 

agricultural pressure on stream diatom assemblages revealed by DNA metabarcoding. Ecol. 

Indic. 122, 107322. https://doi.org/10.1016/j.ecolind.2020.107322.   

UNIVERSITAT ROVIRA I VIRGILI 
BENTHIC DIATOM METABARCODING: DEVELOPING NEW APPROACHES TO RESEARCH AND BIOMONITORING IN AQUATIC ECOSYSTEMS 
Javier Pérez Burillo

https://doi.org/10.1016/j.ecolind.2019.105775
https://doi.org/10.1002/edn3.288
https://doi.org/10.1111/1462-2920.16081
https://doi.org/10.1093/plankt/fbz041
https://doi.org/10.1099/00207713-44-4-846
https://doi.org/10.1016/j.envint.2020.106262
https://doi.org/10.1016/s1434-4610(99)70006-4
https://doi.org/10.1002/eap.2205
https://doi.org/10.1111/jpy.12189
https://doi.org/10.1023/A:1006211417981
https://doi.org/10.1007/s10750-016-2736-4
https://doi.org/10.1016/j.scitotenv.2017.07.093
https://doi.org/10.3389/fevo.2019.00409
https://doi.org/10.1016/j.ecolind.2020.107322


General discussion 

233 
 

Tedersoo, L., Albertsen, M., Anslan, S., Callahan, B., 2021. Perspectives and benefits of high-throughput 

long-read sequencing in microbial ecology. Appl. Environ. Microbiol. 87, e00626-21. 

https://doi.org/10.1128/AEM.00626-21  

Teittinen, A., Soininen, J., Virta, L., 2022. Studying biodiversity–ecosystem function relationships in 

experimental microcosms among islands. Ecology 103, e3664. https://doi.org/10.1002/ecy.3664.  

Trobajo, R., Mann, D.G., Clavero, E., Evans, K.M., Vanormelingen, P., McGregor, R. C., 2010. The use 

of partial cox1, rbcL and LSU rDNA sequences for phylogenetics and species identification within 

the Nitzschia palea species complex (Bacillariophyceae). Eur. J. Phycol. 45, 413-425. 

https://doi.org/10.1080/09670262.2010.498586.  

Turon, X., Antich, A., Palacín, C., Præbel, K., Wangensteen, O.S., 2020. From metabarcoding to 

metaphylogeography: separating the wheat from the chaff. Ecol. Appl. 30, e02036. 

https://doi.org/10.1002/eap.2036.  

Yeh, H.D., Questel, J.M., Maas, K.R., Bucklin, A., 2020. Metabarcoding analysis of regional variation in 

gut contents of the copepod Calanus finmarchicus in the North Atlantic Ocean. Deep Sea 

Research Part II: Topical Studies in Oceanography, 180, 104738. 

https://doi.org/10.1016/j.dsr2.2020.104738.  

Valegård, K., Andralojc, P.J., Haslam, R.P., Pearce, F.G., Eriksen, G.K., Madgwick, P.J., Kristoffersen, 

A.K., van Lun, M., Klein, U., Eilertsen, H.C., Parry, M., Andersson, I., 2018. Structural and 

functional analyses of Rubisco from arctic diatom species reveal unusual posttranslational 

modifications. J. Biol. Chem. 293, 13033-13043. https://doi.org/10.1074/jbc.RA118.003518.  

Vanormelingen, P., Evans, K.M.,Mann, D.G., Lance, S., Debeer, A.-E., D’Hondt, S., Verstraete, T., 

DeMeester, L., Vyverman,W., 2015. Genotypic diversity and differentiation among populations of 

two benthic freshwater diatoms as revealed by microsatellites. Mol. Ecol. 24, 4433-4448. 

https://doi.org/10.1111/mec.13336  

Vasselon, V., Rimet, F., Tapolczai, K., Bouchez, A., 2017. Assessing ecological status with diatoms DNA 

metabarcoding: scaling-up on a WFD monitoring network (Mayotte island, France). Ecol. Indic. 

82, 1-12. https://doi.org/10.1016/j.ecolind.2017.06.024.  

Vasselon, V., Bouchez, A., Rimet, F., Jacquet, S., Trobajo, R., Corniquel, M., Tapolczai, K., Domaizon, 

I., 2018a. Avoiding quantification bias in metabarcoding: application of a cell biovolume correction 

factor in diatom molecular biomonitoring. Methods Ecol. Evol. 9, 1060–1069. 

https://doi.org/10.1111/2041-210X.12960.  

Vasselon, V., Ács, É., Almeida, S., Andree, K., Apothéloz-Perret-Gentil, L., Bailet, B., Baricevic, A., 

Beentjes, K., Bettig, J., Bouchez, A., Capelli, C., Chardon, C., Duleba, M., Elersek, T., Genthon, 

C., Hurtz, M., Jacas, L., Kahlert, M., Kelly, M., Lewis, M., Macher, JN., Mauri, F., Moletta-Denat, 

M., Mortágua, A., Pawlowski, J., Pérez-Burillo, J., Pfannkuchen, M., Pilgrim, E., Pissaridou, P., 

Porter, J., Rimet, F., Stanic, K., Tapolczai, K., Theroux, S., Trobajo, R., van der Hoorn, B., 

Vasquez Hadjilyra, MI., Walsh, K., Wanless, D., Warren, J., Zimmermann, J., Zupančič, M., 2021. 

The Fellowship of the Ring Test: DNAqua-Net WG2 initiative to compare diatom metabarcoding 

protocols used in routine freshwater biomonitoring for standardisation. ARPHA Conference 

Abstracts 4: e65142. https://doi.org/10.3897/aca.4.e65142.  

Young, J.N., Heureux, A.M., Sharwood, R.E., Rickaby, R.E., Morel, F.M., Whitney, S.M., 2016. Large 

variation in the Rubisco kinetics of diatoms reveals diversity among their carbon-concentrating 

mechanisms. J. Exp. Bot. 67, 3445-3456. https://doi.org/10.1093/jxb/erw163.  

Wang, Q., Garrity, G.M., Tiedje, J.M., Cole, J.R., 2007. Naïve bayesian classifier for rapid assignment of 

rRNA sequences into the new bacterial taxonomy. Appl. Environ. Microbiol. 73, 5261-5267. 

https://doi.org/10.1128/AEM.00062-07.  

Wenger, A.M., Peluso, P., Rowell, W.J., Chang, P.C., Hall, R.J., Concepcion, G.T., Ebler, J., 

Fungtammasan, A., Kolesnikov, A., Olson, N.D., Topfer, A., Alonge, M., Mahmoud, M., Qian, Y., 

UNIVERSITAT ROVIRA I VIRGILI 
BENTHIC DIATOM METABARCODING: DEVELOPING NEW APPROACHES TO RESEARCH AND BIOMONITORING IN AQUATIC ECOSYSTEMS 
Javier Pérez Burillo

https://doi.org/10.1128/AEM.00626-21
https://doi.org/10.1002/ecy.3664
https://doi.org/10.1080/09670262.2010.498586
https://doi.org/10.1002/eap.2036
https://doi.org/10.1016/j.dsr2.2020.104738
https://doi.org/10.1074/jbc.RA118.003518
https://doi.org/10.1111/mec.13336
https://doi.org/10.1016/j.ecolind.2017.06.024
https://doi.org/10.1111/2041-210X.12960
https://doi.org/10.3897/aca.4.e65142
https://doi.org/10.1093/jxb/erw163
https://doi.org/10.1128/AEM.00062-07


General discussion 

234 
 

Chin, C.S., Phillippy, A.M., Schatz, M.C., Myers, G., DePristo, M.A., Ruan, J., Marschall, T., 

Sedlazeck, F.J., Zook, J.M., Li, H., Koren, S., Carroll, A., Rank, D.R., Hunkapiller, M.W., 2019. 

Accurate circular consensus long-read sequencing improves variant detection and assembly of a 

human genome. Nat. Biotechnol. 37, 1155–1162. https://doi.org/10.1038/s41587-019-0217-9.  

Zgrundo, A., Lemke, P., Pniewski, F., Cox, E.J., Latala, A., 2013. Morphological and molecular 

phylogenetic studies on Fistulifera saprophila. Diatom Res. 28, 431-443. 

https://doi.org/10.1080/0269249X.2013.833136.  

  

UNIVERSITAT ROVIRA I VIRGILI 
BENTHIC DIATOM METABARCODING: DEVELOPING NEW APPROACHES TO RESEARCH AND BIOMONITORING IN AQUATIC ECOSYSTEMS 
Javier Pérez Burillo

https://doi.org/10.1038/s41587-019-0217-9
https://doi.org/10.1080/0269249X.2013.833136


 

235 
 

  

UNIVERSITAT ROVIRA I VIRGILI 
BENTHIC DIATOM METABARCODING: DEVELOPING NEW APPROACHES TO RESEARCH AND BIOMONITORING IN AQUATIC ECOSYSTEMS 
Javier Pérez Burillo



Conclusions 

236 
 

Conclusions 

1. This thesis is the first to evaluate the applicability of DNA metabarcoding of benthic 

diatoms (using chloroplast-encoded rbcL) to assess the ecological status of Catalan 

rivers for the EU WFD; in fact, it was the first such study in Spain. Comparisons of the 

biotic index (IPS values) and the ecological status classes derived from them between 

the traditional method (LM-based morphology) and metabarcoding (based on high 

throughput sequencing [HTS] of DNA) gave very good correspondence between the two 

methods. Thus, DNA metabarcoding of diatoms, even in its current state, constitutes an 

efficient and reliable alternative to traditional morphology-based analyses for WFD 

biomonitoring of Mediterranean rivers of the north-eastern Iberian Peninsula.  

 

2. The sensitivity analysis developed in Chapter 1 showed that one reason for such a good 

correspondence was that many of the species that had most influence on the IPS values 

in Catalan rivers are present in the diatom reference sequence database.  

 

3. A complete sequence reference database, though desirable, is unlikely to be realistic for 

many study areas. Our study shows that for biomonitoring purposes the crucial 

requirement is to have the sequences of the species that have most impact on the IPS 

and our sensitivity analyses can be considered a simple and effective tool to identify 

these (from LM count data). 

 

4. In spite of the encouragingly good correspondence between LM and HTS approaches, 

some discrepancies were analysed in detail because of their possible consequences for 

river management. Some of the discrepancies were found to be due to misidentifications 

and overlooking in LM of a few species, which were better recovered by HTS. This was 

particularly the case with the weakly silicified diatom Fistulifera saprophila. Some other 

discrepancies were probably due to differences in rbcL copy number per cell, as has 

been suggested previously in other similar studies. 

 

5. Applying a combined morphological-metabarcoding (rbcL) approach to the benthic 

diatom communities of Ebro bays revealed very high diversity and many undescribed 

species. 

 

6. DNA metabarcoding in these shallow coastal habitats is still far from ready to be applied 

as an effective alternative to microscopy, since the low sequence coverage of coastal 
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benthic diatom species in the reference database means that many DNA reads cannot 

be assigned to species.  

 

7. We found strong circumstantial evidence that one very abundant diatom of the biofilms 

of Ebro bays (Thalassiosira profunda) was present without frustules, very likely as an 

endosymbiont. This, together with the capacity to detect small or/and delicate diatom 

species that are often missed by LM, illustrates the complementarity of LM and 

metabarcoding approaches.  

 

8. In silico analyses on a large benthic diatom metabarcoding dataset indicated that the 

choice between two short and similar diatom rbcL barcodes, overlapping in a common 

263-bp region and differing in the presence or absence of a 68-bp tail at the 5’ end, have 

very few implications for WFD ecological status assessments.  

 

9. Despite the irrelevance of the barcode choice for WFD purposes, our analyses indicated 

that the longer rbcL marker is preferable for ecological and biogeographical studies, as 

the additional nucleotide variability provided by the 68-bp tail was shown to reduce the 

number of false negatives and false positives and, in some particular cases, allowed 

species-level classification of some genetic variants that could not be unambiguously 

identified on the basis of the shared 263 bp region. This was particularly the case for 

genetic variants of Surirella brebisonni, Halamphora montana and Fragilaria agnesiae.  

 

10.  Primers designed to amplify the short 263-bp region of freshwater diatoms can also 

amplify taxa of the phyla Ochrophyta and Chlorophyta, some of which are rarely recorded 

groups and species with economic and ecological relevance. However, the non-diatom 

sequencing reads generated are a minor proportion of the total, reflecting that specific 

primers or different markers should be used to study non-diatom groups via 

metabarcoding If they are the principal targets of study, rather than diatoms. 

 

11.  263-bp rbcL variants within the Achnanthidium minutissimum and Fistulifera saprophila 

species complexes differed in their ecological preferences, illustrating the important extra 

potential of being able to analyse diatom communities at the haplotype level. Our data 

suggest that the broad ecological tolerances assumed for these complexes are the result 

of summing the specific ecological preferences of each variant and the impossibility of 

discriminating between them when using non-molecular approaches. These findings 

also have implications from a biomonitoring perspective since they reflect that assigning 

the same indicator value to all the variants within a species complex is suboptimal.   
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12. We found that 263 bp rbcL variants of many species spread across regions of Europe, 

North America, the Indian Ocean and/or Asia, suggesting ubiquitous dispersal of 

individuals. At the same time, the distribution of other rbcL variants was geographically 

restricted to specific regions and, in addition, it was observed that at local scales rbcL 

variants varied greatly in their distribution. It seems that, although individuals may 

disperse over large geographical distances, stochastic events of colonisation and 

extinction, combined with environmental variation at local scales, are shaping the 

distribution of species and individual rbcL variants. 

 

13. Our studies on a large dataset of benthic diatom samples evidenced a very high 

intraspecific heterogeneity of the 263-bp marker among freshwater diatom species and 

the existence of 4 main phylogeographic patterns (defined on the basis of the number, 

dominance and spatial structure of 263-bp rbcL variants) that were common among 

species. Furthermore, our results showed that centric species showed significantly fewer 

rbcL variants than pennate species, which may be related to differences between centric 

and pennate species in reproductive mode (oogamous vs isogamous) and chloroplast 

inheritance patterns (biparental vs uniparental). However, to reach definitive conclusions 

on the causes of different phylogeographic patterns and high intraspecific heterogeneity 

observed among species, studies covering a larger number of centric species are 

needed. 
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Annex 1 
 

Haplotype networks  

This annex includes the TCS haplotype networks that were used in 

chapter 5 to define the 4 main types of phylogeographic patterns 

found in freshwater diatoms. Each circle represents a unique ASV 

(the ASV label is given next to the circle), and its size is proportional 

to the number of samples in which the ASV was identified. Colour 

codes represent the geographical locations where the ASVs were 

found. The haplotype networks have a comparable scale (only minor 

adjustments have been made in some cases) to facilitate 

distinguishing differences in ASV occurrence across the regions 

studied. Small black circles represent hypothetical variants 

automatically inferred and black crosshatches indicate the number of 

nucleotide differences between ASVs. 

Note that the header of the page contains information on the species 

represented (centric, pennate or araphid), its corresponding 

phylogeographic pattern and the main characteristics of this pattern.  

The haplotype networks are shown in the following order: Firstly, 

according to the type of phylogeographic pattern in which they were 

classified. Secondly, according to the type of diatom (i.e. centric, 

pennate and araphid, respectively). And lastly, according to 

alphabetical order (see Index below). 
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Centric species Pattern I ▪ 1 ASV per species  
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Centric species Pattern I ▪ 1 ASV per species  
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Centric species Pattern I ▪ 1 ASV per species  
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Centric species Pattern I ▪ 1 ASV per species  
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Centric species Pattern I ▪ 1 ASV per species  
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Centric species Pattern I ▪ 1 ASV per species  
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Centric species Pattern I ▪ 1 ASV per species  
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Centric species Pattern I ▪ 1 ASV per species  
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Centric species Pattern I ▪ 1 ASV per species  
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Raphid pennate species Pattern I ▪ 1 ASV per species  
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Raphid pennate species Pattern I ▪ 1 ASV per species  
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Raphid pennate species Pattern I ▪ 1 ASV per species  
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Raphid pennate species Pattern I ▪ 1 ASV per species  
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Raphid pennate species Pattern I ▪ 1 ASV per species  
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Raphid pennate species Pattern I ▪ 1 ASV per species  
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Araphid pennate species Pattern I ▪ 1 ASV per species  
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Centric species Pattern II 
▪ ≥2 ASV per species  
▪ Dominance of 1 or 2 ASVs 
▪ Presence of rare ASVs 
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Centric species Pattern II 
▪ ≥2 ASV per species  
▪ Dominance of 1 or 2 ASVs 
▪ Presence of rare ASVs 
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Centric species Pattern II 
▪ ≥2 ASV per species  
▪ Dominance of 1 or 2 ASVs 
▪ Presence of rare ASVs 
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Centric species Pattern II 
▪ ≥2 ASV per species  
▪ Dominance of 1 or 2 ASVs 
▪ Presence of rare ASVs 
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Raphid pennate species Pattern II 
▪ ≥2 ASV per species  
▪ Dominance of 1 or 2 ASVs 
▪ Presence of rare ASVs 
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Raphid pennate species Pattern II 
▪ ≥2 ASV per species  
▪ Dominance of 1 or 2 ASVs 
▪ Presence of rare ASVs 
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Raphid pennate species Pattern II 
▪ ≥2 ASV per species  
▪ Dominance of 1 or 2 ASVs 
▪ Presence of rare ASVs 
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Raphid pennate species Pattern II 
▪ ≥2 ASV per species  
▪ Dominance of 1 or 2 ASVs 
▪ Presence of rare ASVs 
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Raphid pennate species Pattern II 
▪ ≥2 ASV per species  
▪ Dominance of 1 or 2 ASVs 
▪ Presence of rare ASVs 
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Raphid pennate species Pattern II 
▪ ≥2 ASV per species  
▪ Dominance of 1 or 2 ASVs 
▪ Presence of rare ASVs 
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Raphid pennate species Pattern II 
▪ ≥2 ASV per species  
▪ Dominance of 1 or 2 ASVs 
▪ Presence of rare ASVs 
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Raphid pennate species Pattern II 
▪ ≥2 ASV per species  
▪ Dominance of 1 or 2 ASVs 
▪ Presence of rare ASVs 
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Raphid pennate species Pattern II 
▪ ≥2 ASV per species  
▪ Dominance of 1 or 2 ASVs 
▪ Presence of rare ASVs 
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Araphid pennate species Pattern II 
▪ ≥2 ASV per species  
▪ Dominance of 1 or 2 ASVs 
▪ Presence of rare ASVs 
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Araphid pennate species Pattern II 
▪ ≥2 ASV per species  
▪ Dominance of 1 or 2 ASVs 
▪ Presence of rare ASVs 

 
 
 
 

  

Ulnaria ulna 
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Centric species Pattern III 
▪ 2-3 ASV per species  
▪ No dominance of 1 or 2 ASVs 
▪ No presence of rare ASVs 
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Raphid pennate species Pattern III 
▪ 2-3 ASV per species  
▪ No dominance of 1 or 2 ASVs 
▪ No presence of rare ASVs 
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Raphid pennate species Pattern III 
▪ 2-3 ASV per species  
▪ No dominance of 1 or 2 ASVs 
▪ No presence of rare ASVs 
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Raphid pennate species Pattern III 
▪ 2-3 ASV per species  
▪ No dominance of 1 or 2 ASVs 
▪ No presence of rare ASVs 
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Raphid pennate species Pattern III 
▪ 2-3 ASV per species  
▪ No dominance of 1 or 2 ASVs 
▪ No presence of rare ASVs 
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Centric species Pattern IV 
▪ ≥7 ASVs per species  
▪ No dominance of 1 or 2 ASVs 
▪ Presence of rare ASVs 
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Raphid pennate species 
▪ ≥7 ASVs per species  
▪ No dominance of 1 or 2 ASVs 
▪ Presence of rare ASVs 
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Raphid pennate species 
▪ ≥7 ASVs per species  
▪ No dominance of 1 or 2 ASVs 
▪ Presence of rare ASVs 

 
 
 
 

Pattern IV 
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Raphid pennate species 
▪ ≥7 ASVs per species  
▪ No dominance of 1 or 2 ASVs 
▪ Presence of rare ASVs 

 
 
 
 

Pattern IV 
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Raphid pennate species 
▪ ≥7 ASVs per species  
▪ No dominance of 1 or 2 ASVs 
▪ Presence of rare ASVs 

 
 
 
 

Pattern IV 
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Raphid pennate species 
▪ ≥7 ASVs per species  
▪ No dominance of 1 or 2 ASVs 
▪ Presence of rare ASVs 

 
 
 
 

Pattern IV 
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Raphid pennate species 
▪ ≥7 ASVs per species  
▪ No dominance of 1 or 2 ASVs 
▪ Presence of rare ASVs 

 
 
 
 

Pattern IV 
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Raphid pennate species 
▪ ≥7 ASVs per species  
▪ No dominance of 1 or 2 ASVs 
▪ Presence of rare ASVs 

 
 
 
 

Pattern IV 
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Araphid pennate species 
▪ ≥7 ASVs per species  
▪ No dominance of 1 or 2 ASVs 
▪ Presence of rare ASVs 
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Extra pattern – No fit with any of the previous patterns 
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Extra pattern – No fit with any of the previous patterns 
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