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Abstract

We investigated the advantages and disadvantages of light microscope (LM)-based identifications and DNA
metabarcoding, based on a 312-bp rbcL marker, for examining benthic diatom communities from
Mediterranean shallow coastal environments. For this, we used biofilm samples collected from different
substrata in the Ebro delta bays. We show that 1) Ebro delta bays harbour high-diversity diatom communities
[LM identified 249 taxa] and 2) DNA metabarcoding effectively reflects this diversity at genus-but not
species level, because of the incompleteness of the DNA reference library. Nevertheless, DNA
metabarcoding offers new opportunities for detecting small, delicate and rare diatom species missed by LM
and diatoms that lack silica frustules. The primers used, though designed for diatoms, successfully amplified
rarely reported members of other stramenopile groups. Combining LM and DNA approaches offers stronger
support for ecological studies of benthic microalgal communities in shallow coastal environments than using

either approach on its own.
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1. Introduction

Coastal ecosystems are ecologically important because they are highly productive areas that harbour
a great diversity, which is reflected in many types of ecological communities found in these
systems, such as seagrass beds, sandflat communities, coral and bivalve reefs (Cloern et al., 2013).
These ecosystems are also important from a socio-economic point of view as they provide
numerous ecosystem services and contribute importantly to the global total (Costanza et al., 2014).
Benthic diatom communities constitute an important component of these systems because of their
large contribution to total production (Macintyre et al., 1996). A recent study of seagrass beds in
shallow systems (Cox et al. 2020) has shown that the contribution of diatoms can be over 80% of
benthic production and that without them the seagrass beds can be net heterotrophic. In addition,
they have a major role in the stabilization of sediments thanks to the production of extracellular
polymeric substances (EPS) and consequently, they regulate on of nutrient fluxes and other
biogeochemical processes (Cahoon et al., 1999, Sundback & Granéli, 1988; Sundback et al., 1991,
Triska & Oremland, 1981; Trobajo & Sullivan, 2010). They can be found in or attached to different
substrata, such as the surface of sediments (epipelon), sand grains (epipsammon), seagrasses,
macroalgae, and microalgae (epiphyton), or the surface of animals including the shells of molluscs
(epizoon). Each of these community types can be very species-rich (Round, 1971) and it has been
shown that within communities, different species can play different roles; for instance, in tidal
habitats epipelic species show differences in photophysiology and migration activity (Underwood et
al., 2005). Hence, it is crucial to combine system-wide estimates of benthic diatom contributions to
primary production with an understanding of the roles and functioning of the species comprising
these communities. However, the morphological identifications of diatoms at the species level are
difficult and require expertise in taxonomy. This is especially true for shallow coastal environments

(Mann et al., 2016; Trobajo et al., 2004), despite their ecological and economic importance.
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DNA metabarcoding has proved to be a reliable method for studying species diversity from
environmental samples (Deiner et al., 2017) and has emerged as an alternative to light microscope-
based identifications (LM) due to its speed, reproducibility, and cost (Kermarrec et al., 2014;
Zimmermann et al., 2015). It has been broadly tested for freshwater ecological assessment based on
benthic diatoms (e.g. Bailet et al., 2019; Kelly et al., 2020; Mortagua et al., 2019; Pérez-Burillo et
al. 2020, Vasselon et al., 2017) and for biodiversity studies (e.g. Stoof-Leichsenring et al., 2020;
Rimet et al., 2018). DNA metabarcoding has also been applied in marine environments, especially
in phytoplankton studies (e.g. De Luca et al.2021; Malviya et al. 2016; Piredda et al., 2018), but
rarely to the phytobenthos of coastal areas, which are very productive and species rich. Exceptions
include studies of US saltmarshes (Plante et al. 2021a, b), intertidal sediments in Korea (An et al.
2020), a eutrophic estuary in South Africa (Nunes et al., 2021), and sea turtle biofilms (Rivera et al.

2018).

In the context of ongoing research into the biodiversity and functioning of Mediterranean
shallow coastal habitats (e.g. Benito et al., 2015; Carballeira et al., 2017; Prado, 2018, 2020; Rovira
et al. 2009), we set out to study the benthic diatom communities in these poorly known systems
through the combined use of DNA metabarcoding, based on a 312-bp rbcL marker, and LM-based
identifications. Sampling was aimed for selection of the different benthic communities dwelling on
sediments, seaweeds, seagrasses and molluscs (i.e. epipelic, epiphytic and epizoic/epilithic
communities) in coastal areas of the Ebro delta. In particular, Ebro Delta bays sustain a very
important shellfish aquaculture of Japanese oyster and Mediterranean mussel (Ramén et al., 2005),
providing important substrata for biofilm development. Besides, the area holds one of the last
remaining populations of fan mussel (Pinna nobilis) after major mass mortality events throughout
the Mediterranean (Prado et al. 2014, 2021). Moreover, beds of the seagrasses Cymodocea nodosa
and Zostera noltii are present in the area. In this paper we evaluate the advantages and

disadvantages of each survey approach — morphological and molecular — and we assess whether the
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rbcL marker, which was originally developed for diatom biomonitoring of freshwaters, is equally
useful in marine environments, where the diversity of related groups of ochrophyte microalgae and

macroalgae is much greater.

2.Material and Methods

2.1. Study area and sampling collection

Nine biofilm samples were taken in Alfacs and Fangar bays offshore from the Ebro Delta on the
Mediterranean coast of the Iberian Peninsula (Fig. 1). The bays constitute semi-enclosed estuarine
water bodies that receive freshwater inputs, rich in nutrients and organic matter, from rice fields that
border both bays, which have led to eutrophication (Llebot et al., 2011; Prado, 2018). Alfacs Bay
encompasses an area of 50km? with an average depth of ~3 m and a maximum of 6 m. Sampling in
this bay was conducted by wading in a semi-sheltered at ca. 60 cm depth near the southern shore,
where the seagrass Cymodocea nodosa and/or the macroalga Caulerpa prolifera constitute the
dominant benthic habitat, and where there is also an important population of Pinna nobilis (Prado et
al., 2014, 2020, 2021). Fangar Bay is smaller, occupying 12 km?, and has an average depth of 2 m
and a maximum of 4 m. Sampling in this bay was conducted within farms of the introduced Pacific
oyster Crassostrea gigas, located in the southern area of the Bay. Physicochemical information at

each sampling site is shown in Table 1.

Samples were collected in March 2020 and comprised seven biofilm samples and two
sediment samples. Five of the biofilms were taken from the shell surfaces of P. nobilis (three
different individuals from Alfacs Bay separated by distances in the order of 10s of metres) and from
Crassostrea gigas (two individuals from Fangar Bay). The other two biofilm samples were taken
from the surfaces of Caulerpa prolifera and Cymodocea nodosa, respectively, both from the same
area of Alfacs Bay as those of P. nobilis. Finally, the two sediment samples were collected from the

surface sediments (ca. 1-2 cm) immediately adjacent to specimens of P. nobilis and transported to
4
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the laboratory within small containers. For collecting the biofilm samples, the surface of the
organisms was scraped using a different toothbrush for each specimen. Each sample was divided
into two aliquots and preserved in ethanol (to a final concentration > 70%). One was used for

morphological examinations and the other for DNA metabarcoding analysis.

2.2 Microscopical analysis

Samples for morphological analysis were cleaned using concentrated (37%) hydrogen peroxide
(H20.). However, prior to hydrogen peroxide samples were treated with few millilitres of 10% HCI
to remove carbonates. After the reaction with carbonates ceased, samples were washed several
times with deionized water. Thereafter samples were boiled with hydrogen peroxide for a few hours
to oxidize the organic matter and then washed several times with deionized water at 24 h intervals.
Cleaned diatomaceous suspension was dropped onto cover slips and left at room temperature
overnight to dry. Permanent slides were mounted with Naphrax (Brunel Microscopes:

http://www.brunelmicroscopes.co.uk/), which has a high refractive index. Diatom analysis was

performed using a Leica DMLB microscope equipped with 100x PlanApo objective (n.a. 1.4).
Approximately 300 to 400 valves were counted in each sample. Problems in identification were
resolved with scanning electron microscopy (SEM). For SEM examination, a drop of the cleaned
sample was filtered onto Whatman Nuclepore polycarbonate membranes (Fisher Scientific,
Schwerte, Germany). Filters were air-dried overnight, mounted onto aluminium stubs and coated
with 5 nm of gold. Samples were analysed with an ultra-high field emission Hitachi SU 8020

instrument at West Pomeranian University of Technology in Szczecin.

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

A volume of 2 mL of each sample was centrifuged at 4 °C and 11,000 g for 20 min. Ethanol present

in the supernatant was removed and the DNA contained in the remaining pellet was extracted using
5
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the commercial DNA kit Macheray—Nagel NucleoSpin® Soil extraction kit (MN-Soil). A short
rbcL region of 312 bp constituted the DNA marker and this was amplified by PCR using an
equimolar mix of the modified versions of the Diat_rbcL_708F (forward) and R3 (reverse) primers
given by Vasselon et al. (2017). In order to prepare the HTS library using a 2-step PCR strategy, a
part of the P5 (TCGTCGGCAGCGTCAG ATGTGTATAAGAGACAG) and P7
(GTCTCGTGGGCTCGGAGATGTGTATA AGAGACA) Illumina adapters were included at the 5’
end of the forward and reverse primers respectively. PCR1 reactions for each DNA sample were
performed in triplicate using 1 uL of the extracted DNA in a final volume of 25 pL. The conditions
and the reaction mix of the PCR1 were as described in Vasselon et al. (2017). All three PCR1
replicates were pooled and sent to “Plateforme Génome Transcriptome” (PGTB, Bordeaux, France),
where the PCR1 products were purified and used as a template for a second round of PCR (PCR2),
with lllumina-tailed primers targeting the half of P5 and P7 adapters. The resulting dual-indexed
amplicons were pooled for sequencing on an Illumina MiSeq platform using a V2 paired-end

sequencing Kit (250 bp x 2).

2.4 Bioinformatic analysis

The sequencing facilities performed the demultiplexing of all the samples providing two fastq files
per sample, one corresponding to the forward reads (R1) and one to the reverse reads (R2). Primers
from all the demultiplexed MiSeq reads were removed by cutadapt (Martin, 2011) and the resulting
R1 and R2 reads were processed together using the R package DADAZ2 (Callahan et al., 2016). R1
reads were truncated to 225 bases and R2 to 180 bases based on their quality profile (median quality
score < 30). Reads with ambiguities or an expected error (maxEE) > 2 were discarded. The DADA2
denoising algorithm was then applied to determine an error rates model to infer Amplicon sequence
variants (ASVs). Chimeric ASVs were detected and discarded using the “removeBimeraDenovo”

function. The taxonomic affiliations of the ASVs was determined using the database “A ready-to-
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use database for DADAZ2: Diat.barcode rbcL. 312bp DADAZ2” (Chonova et al., 2020), which is
derived from the curated diatom reference library Diat.barcode v9 (Rimet et al., 2019, available at

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

https://data.inrae.fr/file.xhtml?persistentld=doi:10.15454/TOMBY Z/IEGUXB&version=10.0 ); the
naive Bayesian classifier method (Wang et al., 2007) was used, with 85% set as the minimum
confidence threshold. The taxonomy of unclassified ASVs was checked using the Basic Local
Alignment Search Tool (BLAST) against the Nucleotide database of NCBI GenBank, with standard
settings (Camacho et al., 2009). Taxonomy was assigned keeping taxa with a percentage of identity
higher than 97%. To allow inter-sample comparisons, all samples were resampled to the minimum
number of reads recorded in any single sample (5427 reads) using the R package phyloseq

(McMurdie & Holmes, 2013).

2.5 Data analyses

For assessing the effectiveness of the two methods in identifying taxa, the percentages of reads or
cells identified to species and genus were determined. Furthermore, the percentages of species and
genera recorded molecularly that were also identified by the morphological approach and vice versa
were calculated. For other statistical analyses, the rarefied molecular inventory was used. To
compare diatom diversity between methods and sampling sites, the Shannon—Wiener index was
calculated (based on natural logarithms), using the relative abundances of taxa from the
corresponding morphological and molecular inventories. The Sgrensen index, based on
presence/absence data, was also calculated to evaluate the similarities in diatom communities
between samples. To visualize patterns in taxon composition (in LM and DNA metabarcoding
inventories) among samples non-metric multidimensional scaling (NMDS) was used, based on
Bray—Curtis dissimilarity matrices on ASV, species and genus relative abundance. The correlation

between the distance matrices generated by both methods, using diatom species relative
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abundances, was evaluated by computing a Mantel test (with 999 permutations). Statistically
significant differences in diatom community composition at the ASV- , species- and genus level
regarding the type of substratum (i.e. biofilm samples taken from P. nobilis, , Crassostrea gigas,
Caulerpa prolifera and Cymodocea nodosa and samples collected from the sediment adjacent to P.
nobilis) were evaluated through a permutation multivariate analysis of variance (PERMANOVA).
To identify the taxa that accounted for most of the dissimilarities between the LM and DNA
metabarcoding inventories, an analysis of similarity percentages (SIMPER) was performed on both
species and genus relative abundance. The R package vegan (Oksanen et al., 2020) was used for

performing all these analyses.

2.6. Phylogenetic analyses of non-diatom ASVs

Although the primers used here were designed specifically for freshwater diatom biomonitoring
(Vasselon et al. 2017), they do nevertheless sometimes amplify rbcL from other groups of algae.
For example, the ASV with most reads in the 2017 Catalan rivers dataset used by Pérez-Burillo et
al. (2020, 2021) was an unknown green alga related to Nautococcus and Oophila
(Chlorococcaceae), which was present in 116 of 164 samples analysed; Ochrophyta classes (sensu
Adl et al. 2019) were also represented, including Xanthophyceae (e.g., Vaucheria) and
Eustigmatophyceae (e.g., Neomonodus). In marine habitats the diversity of ochrophytes and red
algae is much greater than in freshwaters and different green algal groups are present. Indeed,
preliminary blastn analysis of our reads that were not assigned to any diatom taxon by the Bayesian
classifier indicated that some ASVs belonged to different classes or phyla of algae. The majority
(both in terms of ASVs and reads) were ochrophytes and we therefore performed phylogenetic
analyses of the non-diatom ASVs together with GenBank sequences of selected ochrophytes to
elucidate their affiliations and phylogeny. To do this, we assembled the sets of rbcL sequences used

by Graf et al. (2020) and Wetherbee et al. (2021) and added representatives of other ochrophyte
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classes (particularly Chrysophyceae and Synurophyceae) to provide a wide coverage of the group.
We also added further Phaeophyceae that blastn analysis indicated were close to some ASVs. The
sequences were aligned by eye in Mega X (Kumar et al. 2018) after initial use of Muscle (Edgar,
2004), truncated to remove ragged ends and regions poorly represented among the taxa analysed,
and exported for phylogenetic analysis to RAXML (Stamatakis 2014), as implemented in raxmIGUI
v. 2.0 (Edler et al. 2021).A Maximum Likelihood (ML) tree was constructed with the alignment
partitioned by codon position, using a GRT-Gamma model; 1000 replicates were made for the
bootstrap analysis. The tree was visualized, midpoint-rooted, and prepared for publication using

iTOL (https://itol.embl.de) (Letunic et al., 2021).

The affiliations of the few non-ochrophyte ASVs (Chlorophyta and Rhodophyta) were

assessed by blast of NCBI GenBank.

2.7. Trait classification

Alongside analyses of diatom communities based on species composition we also classified for the
different diatom taxa identified (either microscopically or molecularly) according to their ecological
guilds and growth-forms. For this we largely followed Passy et al. (2007) and Rimet & Bouchez
(2012) but we split the original euplanktonic group defined by Passy et al. (2007) into planktonic
and tychoplanktonic groups. Thus, the resulting growth-forms were: high-profile, low-profile,
motile, planktonic and tychoplanktonic. For some taxa, Passy and Rimet & Bouchez provided no
information (their focus was on freshwater communities) and for these the growth-form was

inferred on the basis of information in Round et al. (1990) and expert knowledge.
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3 Results

3.1 Morphological inventory

A total of 249 diatom taxa (including varieties, forms, and species) were identified, the number per
sample ranging from 40 to 75, with an average of 58.9. The most abundant diatom taxa were Navicula
sp. 4, Amphora helenensis, Amphora cf. helenensis, Cocconeis scutellum var. posidoniae, Navicula
normaloides, Nanofrustulum shiloi, Cyclotella choctawhatcheeana, Navicula normalis, Cocconeis
scutellum and Berkeleya fennica (Supplementary Table 1). The 249 taxa recorded represented 73
different genera and 128 different species. The number of species identified per sample ranged from
25 to 47, with an average of 36.4. A total of 122 taxa (49%) could not be identified at species level

but only at genus level.

Low profile and motile growth forms, mainly represented by species from Amphora,
Cocconeis, Navicula and Nitzschia, were the predominant groups in all the samples, followed by the
high-profile group (Fig. 2a), in which Berkeleya was the most abundant genus (Supplementary Table
1). The planktonic and tychoplanktonic groups were less represented and not identified in all the
samples. They were more abundant in P. nobilis samples (Fig 2a) and were represented mainly by

Cyclotella.

3.2 Molecular inventory

MiSeq Illumina sequencing produced a total of 176,248 raw DNA reads from the nine samples.
After processing the reads through the DADAZ pipeline, 139,815 reads remained, belonging to 682
ASVs, with an average of 145.1 ASV per sample (Supplementary Table 2). The maximum number
of ASVs per sample was 214 (in sample E12 — Pinna nobilis biofilm) and the minimum 72 (in
sample E15 — Caulerpa prolifera). 127 ASVs were classified at diatom species or genus level using
the Bayesian classifier, on the basis of Diat.barcode v9 (i.e., bootstrap values at species level >

85%). The taxonomic positions of 46 further ASVs that were not allocated to species by the
10
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Bayesian classifier (i.e., their bootstrap values at species level were < 85%) were resolved by blastn
on GenBank and allocated to species using a percentage of identity >97% as threshold. Finally, an
additional 181 ASVs that did not fulfil either of the two previous criteria were classified at genus
level by using a combination of expert knowledge and examination of the most similar sequences in

GenBank.

Altogether, the three approaches described above allowed a total of 354 of the 682 ASVs to
be classified to species or genera of diatoms, with 69 species and 73 genera identified. After
rarefaction was applied, these numbers were very slightly reduced (the total number of 354 diatom
ASVs was reduced to 338 ASVs, accounting for 51.2% of the total of rarefied reads, comprising
fully identified 69 species and 71 genera) (Supplementary Table 2). The number of species per
sample ranged from 21 to 54, with an average of 37.3, and the ten most abundant diatom taxa in the
inventory were: Thalassiosira profunda, Achnanthes longipes, Berkeleya fennica, Nanofrustulum
shiloi, Navicula sp., Cyclotella sp., Haslea howeana, Seminavis cf. robusta, Craspedostauros

constricta and Licmophora paradoxa.

Among the ASVs were several genera and species that were missed or poorly represented in
the morphological dataset. One important factor was the lower detection limit of metabarcoding:
even in the least productive sample (Caulerpa epiphytes) >5000 reads were obtained, offering the
possibility to detect rare species undetectable among the c. 400 specimens per sample identified
morphologically. It was noticeable too that some ASVs represented species that have very delicate
or small cells. Several of these are rarely evident in any cleaned material, such as Cylindrotheca and
some species of Cymatosirales (comprising Arcocellulus, Extubocellulus, Papiliocellulus and
Minutocellus in our material). Cylindrotheca species are very lightly silicified and often destroyed
by oxidative cleaning (Round et al. 1990). Only one sample was recorded to contain Cylindrotheca
by LM analysis but eleven ASVs were assigned to Cylindrotheca by the classifier, one or more

occurring in each of the nine samples.

11
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Processing with DADAZ2 does not remove all artifactual sequences and examination of the
sequences of rare diatom ASVs revealed some that could not represent functional genes since they
contained one or more stop codons. The most abundant of these was ASV0569, with a total of six
reads and occurring in just one of the nine samples. However, rare ASVs were not necessarily
artifactual. ASVV0645, with just three reads, was an exact match to GenBank accession DQ813818

of Pseudo-nitzschia delicatissima (see also section 3.4 below).

Motile and planktonic growth forms predominated in most of the samples in the molecular
analyses and were primarily represented by Nitzschia and Navicula (motile) and Thalassiosira
(planktonic) (Fig. 2b and Supplementary Table 2). The exceptions were the samples taken from
Crassostrea gigas shells, where high profile forms were dominant, and Cymodocea nodosa (Fig. 2b),
which had approximately equal proportions of high profile and motile forms. The high-profile group
was mainly represented by Achnanthes and Berkeleya species. Conversely to LM, planktonic and
tychoplanktonic forms were recorded in all the samples (Fig. 2a and b), while the low-profile group
was much less represented; Nanofrustulum and Amphora genera were the most important

representatives for the low-profile group.

The most striking feature of the molecular data was the abundance in most samples (except
Crassostrea) of Thalassiosira profunda, a species for which only three specimens were identified by
LM (Supplementary Tables 1 and 2). Because of the systematic bias introduced by this species, we
recalculated the relative abundances of the growth forms excluding T. profunda. The resulting graphs

(Fig. 2c) showed closer agreement with the morphological data.

3.3 Comparative analyses of samples from different substrata

Taken together, the two approaches identified a total of 102 different genera, of which 43 were
identified in both inventories (43.4%), and each of both methods recorded exclusively 28 different

genera. At species level, both approaches identified a total of 176 different species, of which 19
12
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(10.9%) were identified in both inventories; 106 and 50 were exclusively detected in the

morphological and molecular inventories respectively (Supplementary Table 3).

The Shannon diversity index calculated on taxa relative abundances differed between
inventories. For almost all the samples, the index values were higher in the LM inventory (Table 2)
and the averages obtained for the LM and DNA metabarcoding inventory were 3.29 and 2.31
respectively. Both approaches agreed that the highest diversity was in a sample from a shell of P.
nobilis (LM = 3.74, DNA metabarcoding = 3.04; Table 2) but disagreed for the lowest diversity; in
the LM inventory this was in the sample from Cymodocea nodosa (2.61) but in the DNA one it was
in the sample from Caulerpa prolifera (1.59) (Table 2). A Mantel test indicated that DNA
metabarcoding and LM distance matrices calculated on diatom species relative abundances were not

significantly correlated (Mantel r = 0.31; p value = 0.077).

The NMDS and Sgrensen similarity index based on DNA metabarcoding data showed a
tendency for community composition to be more similar among samples taken from the same host
(Fig. 3a; Supplementary Table 4); this tendency was still evident after the Thalassiosira profunda
ASVs were removed and the NMDS recalculated (Supplementary Fig. 1). However, these
tendencies were not as obvious when NMDS and the Sgrensen index were calculated using LM data
(Fig. 3b; Supplementary Table 4). In particular, the two samples of C. gigas were widely separated
from each other in the LM-based analyses but very close and separated from the rest in the DNA

metabarcoding-based ones.

PERMANOVA confirmed the previous tendencies observed, with statistically significant
differences in the community composition among different substrata for the DNA metabarcoding
inventory (PERMANOVA using ASVs: F44 = 2.7965, p = 0.012; using species: Fa4 = 3.3896, p =
0.01; and using genera: F44 = 3.5155, p = 0.007) and for the LM inventory at species level
(PERMANOVA: F44 = 1.362, p = 0.032) but not at genus level though differences were close to
being statistically significant (PERMANOVA: Fs4 = 1.6881, p = 0.056).
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According to the SIMPER analyses, the five genera that contributed most to the discrepancy
between the morphological and molecular approaches were Thalassiosira (18.54%), Navicula
(10.79%), Amphora (9.78%), Cocconeis (5.80%) and Achnanthes (5.61%). Below the genus level,
the taxon that most influenced the dissimilarity was T. profunda, which was identified only by DNA
metabarcoding. This species appeared in all samples analysed and was responsible for 14.37% of
the discrepancy between the two inventories (Table 3). The second most important taxon was
Navicula sp.4, contributing 4.88% of the dissimilarity. It was identified only by LM, and it
appeared in most of the samples (Table 3). Next was Amphora helenensis, which was identified by
both methods, but it was much more abundant in the LM inventory. The opposite case was
exemplified by Achnanthes longipes, a large-celled species with many chloroplasts that was much
more abundant in the DNA metabarcoding inventory; it was the fourth species most influencing the
dissimilarities between the two inventories (4.15%) (Table 3). A total of 83 species identified by
LM lacked representative sequences in the reference library and they accounted for 16.32% of the
total dissimilarities between inventories. Noteworthy among these were Cocconeis scutellum var.
posidoniae, C. scutellum, Navicula normaloides and N. normalis, which together accounted for

6.10% of the total discrepancies (Table 3).

3.4 Diversity and phylogenetic analyses of non-diatom ASVs

Blastn and phylogenetic analyses allowed us to classify many of the non-diatom DNA reads to a
class of algae and in some cases to a genus or species. In total, 41 non-diatom ASVs were analysed
and allocated, a few of them with considerable hesitation, to an alga class or division. Ten of them
were assigned to the Chlorophyta (and were easily recognized in the ASV alignment because all
had an extra amino acid relative to the ochrophyte and red algal sequences), mostly with low
similarity to any named taxon, except for Umbraulva, Ulvella and marine Ulothrix (the kleptoplasts
of Strombidium sequenced for GenBank AY257112 are presumably from this genus:
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Supplementary Table 5); one sequence was apparently related closely to an uncultured Picochlorum
(Supplementary Table 5). The three red algal ASVs were placed more definitively, as species (or
relatives) of the genera Grania and Acrochaetium, which both grow as branching filaments, and the

crustose Pneophyllum.

Most of the remaining non-diatom ASVs could be assigned with varying degrees of
confidence to one of 10 classes of Ochrophyta (sensu Adl et al. 2019) (Fig. 4, Supplementary Table
5): Chrysophyceae (1 ASV, with low confidence), Synchromophyceae (2 ASVs), Pinguiophyceae
(1 ASV), Eustigmatophyceae (1 ASV), Dictyochophyceae (2 ASVs), Pelagophyceae (7 ASVs),
Raphidophyceae (2 ASVs), Xanthophyceae (1 ASV), Chrysomeridophyceae (2 ASVs) and
Phaeophyceae (10 ASVs). The Phaeophyceae ASVs were mostly allied to species with simple or
branched filaments, either in the Ectocarpales (Hincksia, Myrionema, Streblonema, Elachista,
Nemacystus) or the Sphacelariales (Sphacelaria). Eight ochrophyte classes were unrepresented in
the dataset: the predominantly freshwater Synurophyceae, the picoplanktonic Bolidophyceae, and
the Olisthodiscophyceae, Aureanophyceae, Phaeothamniophyceae, Phaeosacciophyceae,

Chrysoparadoxophyceae and Schizocladiophyceae.

The only non-diatom ASV that could almost certainly be discounted as an artifact was the
very rare ASV0657, which had a low similarity to Tetraselmis (c. 80%: Supplementary Table 5)
and was represented by just three reads; this sequence contained two stop codons. However, three
even rarer non-diatom ASVs, each represented by two reads (ASV0677-0679, belonging to the
Rhodophyta and Synchromophyceae), were clearly not artifactual, judging by blastn assignment or

phylogenetic analysis (Fig. 4, Supplementary Table 5).

None of the non-diatom ASVs were abundant, the only one exceeding 1% of reads in any
sample being an ectocarpalean brown alga (ASV0078, related to Nemacystus decipiens) in one of
the Pinna biofilms (E12 — Pinna nobilis biofilm). The most widespread was ASV0183, an
unclassified eustigmatophyte that was found in all five Pinna biofilm and sediment samples but
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nowhere else (Supplementary Table 5). Another possibly significant association was between the
brown alga Streblonema maculans and Crassostrea. Pinna biofilms were a rich source of non-

diatom ASVs, especially in sample E12 (Pinna nobilis biofilm.

4. Discussion

4.1. Diatom diversity in shallow coastal environments is very high and DNA metabarcoding is a

promising tool for studying it.

Our results demonstrate that the shallow coastal ecosystems studied here harbour a very rich diatom
community. A total of 126 species were identified by morphology (LM); this is remarkably high
when compared with previous studies on coastal environments based on a much larger sampling
effort (e.g., 68-328 diatom taxa from 21-165 samples; Lobban et al., 2012; Facca & Sfriso, 2007;
Kanjer et al., 2019; Virta et al., 2019). To these 126 species identified by LM, an extra 50 were
added by metabarcoding. Furthermore, the large number of taxa identified only at generic level or
above in both LM and DNA metabarcoding, may indicate that the total number of diatom species in
the study area is very much higher. Comparisons with freshwater benthic communities are also
instructive. The average diversities of our nine samples exceeded those of periphyton samples from
Catalan rivers (for which we had many more samples, Supplementary Table 6), whether the
approach taken was metabarcoding or microscopical analysis, emphasizing how rich the diatom

communities of the marine benthos can be.

Hence, this first survey of some of the substrata in the Ebro Bays suggests the area is a hot-
spot of diatom biodiversity and provides a first step towards understanding how this biodiversity
originates and is maintained and the ecological roles that it performs. For instance, diatom biofilms
in shallow coastal ecosystems are known to play a major role in sediment stabilization and in
providing habitat and food for other organisms (references in Trobajo & Sullivan, 2010; see also

Camps-Castella et al.2020 for a relevant example from Ebro Bays); moreover, a recent study of
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benthic diatoms in the Baltic Sea has shown that high diatom diversity supports high ecosystem
productivity (Virta et al., 2019). Our study demonstrates that DNA metabarcoding based on the
short 312-bp rbcL marker also constitutes an efficient method for surveying diatom biodiversity in
coastal ecosystems. The effectiveness of the method was reflected in that 1) it recorded the same
number of genera as the LM method did, 2) a high proportion of the genera (43.4%) identified by
LM were also recorded by DNA metabarcoding and 3) a high number of genera (43) were
exclusively identified by DNA metabarcoding. Nevertheless, the LM method showed a greater
efficiency for identifying taxa at species level, which was mainly caused by the lack of
representative sequences in the DNA reference library for many common species, which
consequently could not be retrieved when the molecular approach was applied (further discussion in
section 4.3). Despite this limitation, similarity analyses calculated on the DNA metabarcoding
inventory (at ASV, species and genus level) revealed a highly-structured molecular signal,
suggesting therefore that our rbcL-based metabarcoding was able to discriminate different shallow
coastal habitats, as in some other recent studies using other DNA markers (e.g. Bombin et al., 2021;
Jeunen et al. 2018; Plante et al., 2021a). In addition, the habitat preferences hinted at by DNA
metabarcoding could also indicate a degree of host-specificity among diatom taxa. However, our
study was not designed to investigate these aspects in detail but to explore the feasibility of using
rbcL metabarcoding to study the benthic diatom communities of shallow coastal habitats. Therefore,
another study with a greater sampling effort and strategy (e.g., to have matching samples from the
two Ebro bays for those hosts present in both; more replication etc) will be needed before any

further conclusions can be drawn.

Regarding diatom composition, it was noticeable that a higher proportion of the taxa
identified by LM corresponded to the low profile and motile groups, the genera Amphora, Navicula,
Cocconeis, Nitzschia and Halamphora being particularly abundant. These have been recorded as

important members of epiphyte communities in the Mediterranean (Car et al., 2019, Mabrouk et al.,
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2014) or as epizoic on the shells of P. nobilis, C. gigas and other molluscs (e.g., Andriana et al.,
2021; Barillé et al., 2017; D’Alelio et al., 2011; Totti et al., 2011). Conversely to LM, DNA
metabarcoding better represented the planktonic group. Some planktonic taxa that were only
recorded in our benthic samples by DNA metabarcoding have been previously reported as ‘epizoic’
or ‘epiphytic’ in other studies. Examples are Actinoptychus octonarius, which has been reported
elsewhere as occurring on Pinna nobilis (Politis 1949, cited by Round, 1971), and Asterionellopsis,
found on the seagrass Posidonia oceanica (Mabrouk et al., 2014). However, although it is possible
that these two are genuinely benthic or tychoplanktonic, it is also possible that the cells represent
sedimented phytoplankton: the much lower limit of detection of the metabarcoding approach makes
it much easier to detect occasional cells or colonies displaced from their normal habitat. Another

planktonic species, Thalassiosira profunda, is considered in detail below.

4.2 Opportunities of DNA Metabarcoding

4.2.1 Detection and discrimination of tiny or delicate species

One advantage of the metabarcoding approach is that it is more likely to pick up small and/or
delicate species. We recorded Cylindrotheca and Cymatosirales species in the metabarcoding
dataset, but almost none in the morphological inventory. The Cylindrotheca closterium complex is
commonly reported from coastal marine phytoplankton samples and it is probably mostly
tychoplanktonic. However, these samples are often counted without prior cleaning, whereas benthic
samples are not generally examined before oxidative cleaning because of the difficulty of observing
sufficient frustule detail in intact biofilms or sediment samples. Hence many records of
Cyindrotheca have probably been lost. One of the Cymatosirales that we recorded with
metabarcoding, Papiliocellulus simplex, was first described from intertidal sand at two localities in
Great Britain (Gardner & Crawford, 1992) and has subsequently been recorded only planktonically

from the Liguro-Provencal basin of the Mediterranean (where it was ‘extremely rare’ at two
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stations: Percopo et al., 2011) and from several localities around Australia, mostly from
metagenomic data [GBIF query 19 July 2021]. A final example of a small species easily missed or
misidentified in light microscopy is Gedaniella panicellus, which was detected by DNA at
frequencies of 0.1-1% in all but one sample but was not recorded at all in LM. This species was
recently described by Li et al. (2018), who noted the difficulties of unambiguous identification by
LM. Our ASV differed from the reference sequence (MF092953) by 1 bp and our record extends
the known range to Europe from S. Africa and China, and from muddy rockpools to epizoic and

epiphytic diatom communities.

4.2.2 Rare species

Another benefit of metabarcoding is the possibility of detecting species that are too rare to be found
in routine LM cell counts. It is usually unrealistic to count more than a few 100s of valves per
sample in LM, but it is common to obtain 1000s or 10000s of reads with metabarcoding. However,
rare ASVs need to be treated with some caution, because amplification and sequencing can generate
errors. Indeed, a few of our ASVs seem to be artifacts, despite the error modelling and correction
incorporated in DADAZ2, since they contained stop codons. It is much more difficult to detect errors
(e.g., in the third codon position) that do not affect the amino acid coded for. Errors can be
minimized by imposing an arbitrary criterion — like a minimum number of reads — to try to avoid
including artifactual sequences. However, our data illustrate (e.g., the rare ASVs identified as
Pseudo-nitzschia delicatissima, Acrochaetium, Pneophyllum and Synchroma: see sections 3.2, 3.4)

what would be lost by imposing such a limit. The rarest ASVs can be genuine.
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4.2.3 Primers designed for diatoms successfully amplify some non-diatom species.

The primers we used were originally designed for use in freshwaters, for biomonitoring and
biodiversity studies of diatoms (Vasselon et al. 2017). Our study is one of the first to apply the same
primers in marine environments and reveals that the ‘diatom-specific’ primers do in fact amplify a
wide variety of other marine microalgae, and even some green and red algae. The phylogenetic
analyses revealed ASVs belonging to nine different non-diatom classes in the Ochrophyta. Some of
these, not surprisingly, were brown algae (various Ectocarpales and Sphacelariales), which probably
formed part of the macroscopic structure of the attached communities (though perhaps surprisingly,
some also occurred in the sediment samples), but others were microalgae, including some that are
seldom recorded. Rather than a weakness of the HTS protocols, as suggested by Grant et al. (2021),
we would argue that this ‘contamination’ of the diatom data is not only tolerable (since the
proportion of non-diatom reads was low — c. 1% of the total; for comparison, 25% of the lon
Torrent 18S rDNA reads obtained by Plante et al., 2021b, were non-diatoms) but a valuable bonus,
especially because many of the microalgae recorded are probably small and morphologically simple
(judging by the nearest relatives that can be identified in GenBank) and will therefore be easily
overlooked using microscopy or culturing. Especially interesting was the discovery of ASVs related
to the amoeboid alga Synchroma pusillum (recently described by Schmidt et al., 2012) and the
coccoid Pinguiococcus pyrenoidosus (which is difficult to identify in LM due to its small cell
diameter of 3-8 um: Andersen et al., 2002), and lineages of Pelagophyceae and
Chrysomeridophyceae. The phylogenetic analyses also revealed one ASV closely related to the
raphidophyte species Chattonella subsalsa. This species has been reported, among other species of
Chattonella, to produce red tides and fish kills (Lewitus et al., 2008); the reads came from one of
the sediment samples but could perhaps represent stray cells from the bay phytoplankton. Thus,

these analyses illustrate the potential of DNA metabarcoding, even when based on primers designed
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for diatoms, for identifying at least some of the other microeukaryote taxa also present in the

community, including ecologically or economically relevant taxa.

4.3 Discrepancies between the LM and metabarcoding results

4.3.1 The case of Thalassiosira profunda.

The greatest dissimilarities between the results obtained by the two methods, morphological and
metabarcoding, were attributable to one particularly small, delicate species, the centric
Thalassiosira profunda. This was by far the most abundant species recorded by DNA
metabarcoding but only three specimens were identified by LM (2 and 1 respectively in the C.
prolifera and C. nodosa samples). These were found after an additional exhaustive examination of
the samples was performed, beyond the normal 300-400 count and prompted by the metabarcoding
data, to be sure that this species had not been overlooked in LM. Thalassiosira profunda is an
extremely small species (valve diameter 1.25-5.5 um), generally regarded as planktonic, which is
very widely distributed (Percopo et al., 2011, Li et al., 2013, Park et al., 2016, Guiry 2021). The
almost complete absence of this species from the morphological counts, which can alternatively be
described as gross overrepresentation in the metabarcoding dataset, requires special explanation,
because such overrepresentation is generally associated with large-celled species, such as Ulnaria
ulna, Pinnularia viridiformis or Navicula lanceolata (Vasselon et al., 2018, Kelly et al., 2020),

because they have a larger number of copies of rbcL per cell.

Several hypotheses might explain why T. profunda was abundant in the DNA reads but
extremely rare from the LM inventory. None of them can be discounted entirely; all of them have
consequences for planning and interpreting morphological and metabarcoding studies of marine

benthic diatoms.
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1. T. profunda could be detected almost exclusively by metabarcoding because diatoms with

tiny valves are easily overlooked and difficult to identify in LM (e.g., see Belcher &
Swale, 1986). In the present case, such an explanation can be discounted, given the
abundance implied by the molecular data (especially taking into account the likely low
rbcL copy number per cell) and given that all slides were examined in detail using a X100
objective. Furthermore, our re-examination of the slide preparations after analysing the
metabarcoding data confirmed the almost complete absence of T. profunda, while no other
Thalassiosira species were recorded as abundant in LM. However, the greater number of
very small-celled and delicate diatoms (e.g. of Thalassiosirales or Cymatosirales) in many
marine habitats, relative to freshwaters, means that there is greater potential for

discrepancies between molecular and morphological datasets in marine studies.

. Valves of delicate species like T. profunda can be destroyed during preparation for LM, as

has been reported for the weakly-silicified cells of the freshwater Fistulifera saprophila
(Kelly et al.,2020; Pérez-Burillo et al., 2020; Zgrundo et al., 2013). Small size also
predisposes them to be lost, since centrifugation and sedimentation during washing steps
will be less effective (e.g., Andrews, 1972). The solution is clearly to examine material
before it is cleaned or retain aliquots for examination later. Unfortunately, we did not do
this, but the detection of a few intact valves of T. profunda in the Caulerpa prolifera and
Cymodocea nodosa samples, following an exhaustive search for the species, undermines

destruction as a reason for ‘overrepresentation’ in the molecular dataset.

. The molecular signal captured for T. profunda may not be contemporary with the

morphologically characterized benthic communities but come from an earlier bloom.
Some planktonic species form resting stages following a bloom (McQuoid & Hobson
1996; Inoue & Taniguchi, 1999; Sugie & Kuma, 2008), leading to the deposition of a
large numbers of resting spores in the sediment. These might be detectable using DNA but

more difficult by LM due to morphological differences from the vegetative cells (cf.
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Kuwata & Takahashi, 1999). However, this strategy is not known to occur in T. profunda.
In any case, diatom resting spores and resting cells are usually more robust than vegetative
cells (Krawczyk et al., 2012) and should have been found in our material if present.
Alternatively, an earlier bloom of T. profunda could perhaps have left a molecular trace
even though the frustules had redissolved in situ. A moderate abundance of DNA reads of
Thalassiosira and other planktonic species, including T. profunda, was recently reported
in saltmarsh sediments in S Carolina, USA, by Plante et al. (2021a), who suggested this
could reflect deposition of faecal pellets or recent phytoplankton blooms. However, their
study did not include accompanying cell counts from LM.

Finally, it is possible that intact T. profunda cells were present in the samples but lacked
frustules, so that they were undetectable in material prepared for microscopy. As far as we
know there is no confirmed report of free-living diatoms lacking a silica cell wall, apart
from some morphotypes of Phaeodactylum (Round et al. 1990), but this does not mean
that none exist. But wall-less diatoms certainly do occur as endosymbionts, for example in
some foraminifera (Lee 2011) and dinoflagellates (Yamada et al., 2020), while other
foraminifera and dinoflagellates ingest diatoms and jettison the frustules, retaining their
chloroplasts (as ‘kleptoplasts’) for days or months afterwards (e.g., Pillet et al., 2011,
Yamada et al., 2019), and hence also, perhaps, their rbcL. In freshwaters, some
Thalassiosirales are known to be endosymbionts of dinoflagellates (e.g., Takano et al.,
2007; You et al., 2015), while in marine environments chloroplasts of Thalassiosirales are
retained by some foraminifera, e.g., Elphidium (Pillet et al., 2011) and Nonionellina
species (Jauffrais et al., 2019), at least one of which (Elphidium) occurs in the Ebro Bays
(Benito et al., 2016).

The possibility that T. profunda could have been living endosymbiotically or as
Kleptoplasts in the communities we sampled receives further specific support from the

study of Schmidt et al. (2018), who looked at the endosymbionts of the benthic
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foraminifera Pararotalia calcarioformata growing in the East Mediterranean. Among the
endosymbiotic diatoms they extracted and cultured from P. calcarioformata was one
species identified and illustrated as Minidiscus sp. (Schmidt et al., 2018), which we would
identify instead, from the specimen illustrated (op. cit., fig. 4.12), as T. profunda. In any
case, it is clear that several Thalassiosirales do occur without frustules in marine
environments, providing a possible reconciliation of our molecular and morphological
data. The potential of kleptoplasts to confuse metabarcoding results extends beyond the
photic zone, since functioning diatom kleptoplasts (again from Thalassiosirales, though
apparently of Skeletonema not Thalassiosira) have been recorded, with intact rbcL, from

depths of more than 500 m in the foraminifer Nonionella stella (Gomaa et al., 2021).

4.3.2 The effects of taxonomic resolution, reference library and gene copy number

Another important reason for the discrepancies observed between methods was the impossibility of
identifying some taxa at species level. Marine littoral diatoms have been much less studied than
their freshwater counterparts in rivers and lakes, so that several species in our samples — some of
them abundant — remained unidentified at species level in LM, despite the great taxonomic effort
and resources applied (including thorough LM identifications supported by SEM and TEM). The
number of taxa identified as sp. or confer (cf) or affinis (aff) illustrates the incompleteness of the
taxonomy underlying the morphological approach. This was particularly true for Amphora and also
for Navicula, since a total of eight Navicula species could not be identified to known species. One
of these, Navicula sp. 4 was very abundant and contributed greatly to the discrepancies between the
LM and metabarcoding outputs. The prevalence of Navicula spp. without a species assignation in
epibiotic communities has been shown also in other recent studies (e.g., Andriana et al., 2021; Car

etal., 2019; Kanjer et al., 2019; Medlin & Juggins, 2018).
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Concerning the metabarcoding inventories, the impossibility of reaching species-level
identifications of the ASVs was often due to the incompleteness of the reference library since many
species identified by LM lack representative DNA sequences, again mainly due to understudied
environments. Diat.barcode (Rimet et al., 2019) aims to list and check all available rbcL sequences
for diatoms, whether marine, coastal, or freshwater, but it depends to a considerable extent on what
sequences have been deposited in NCBI GenBank, which reflects historical trends in systematic and
other research. Overall, the data available show a strong bias towards freshwater diatoms, which
account for around 60% of the rbcL entries in Diat.barcode v. 9 (>4500 sequences), despite the
greater diversity of marine diatoms. Perhaps not surprisingly, therefore, many of our ASVs were not
assigned to a species, or even a genus, by the Bayesian classifier. The contrast with freshwater
biomonitoring analyses is illustrated in Supplementary Table 7 which shows (for the marine
samples and two campaigns of metabarcoding in Catalan rivers) the proportions of the ASVs that
find exact matches with reference sequences or matches at 95-99% similarity levels: the marine

analysis lags well behind.

The incompleteness of the reference database explained c. 16% of dissimilarities between
methods and some of the species missed are known for being important components in the epizoic
and epiphytic diatom communities, so they could be considered priorities for future barcoding.
Among them are several Navicula species, including N. normaloides, N. normalis and N. subagnita;
these taxa were identified in all or most of the samples, indicating their importance in the study
area. N. normaloides and N. subagnita have also been recorded as epiphytic on leaves from
Posidonia oceanica and Caulerpa taxifolia in the Adriatic Sea (Kanjer et al., 2019; Car et al.,
2019). It is important to emphasize, however, that in many cases the lack of representative
sequences only partially prevents interpretation of metabarcoding data, though it reduces the
resolution achieved. For example, despite the lack of representative sequences for the particular

Navicula species known (from LM) to occur in our samples, the coverage of the genus in the
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reference dataset was sufficient for the classifier to assign many ASVs at genus level. These
assignments could then be checked by individual blastn searches and can be examined further in

future by phylogenetic approaches, as with the non-diatom ASVs.

Other important species underestimated by DNA metabarcoding due to lack of reference
sequences were Cocconeis species, notably C. scutellum and C. scutellum var. posidoniae. Both are
cosmopolitan taxa and important components of the attached diatom communities (e.g., De Stefano
et al., 2008, Polifrone et al., 2020; Ryabushko & Ryabushko, 2000; Witak et al., 2020). Overall, the
genus Cocconeis was very poorly represented by DNA metabarcoding despite the very high
diversity of Cocconeis species revealed by LM. Furthermore, and contrary to what we found with
Navicula species, only a small proportion of reads and ASVs unclassified at the species level by the
Bayesian classifier could be convincingly related to Cocconeis even at genus level. This can be
explained by the fact that the reference database contains few Cocconeis (and almost all of them are
freshwater species whose relationship to the marine species remains unknown), making it
impossible for the classifier to assign ASVs to Cocconeis or related genera at any level. A few
ASVs were tentatively identified as possible Cocconeis or Cocconeidaceae species on the basis of
the spread of hits from blastn interrogation of GenBank, but overall it seems that the reference
library is currently the main limitation to study Cocconeis diversity by DNA metabarcoding. Due to
the importance of these diatoms in marine attached communities, further efforts should be made to
increasing their representation in the DNA reference library. A further and more worrying
possibility is that some Cocconeis taxa may carry mutations in critical parts of one or both primer
regions, but this too cannot be known without long reference sequences of the marine species. In
contrast to Cocconeis, genera like Pseudo-nitzschia, Haslea and Achnanthes are well represented in

the DNA reference database.

Finally, some discrepancies between methods can probably be attributed to variation among

species in the rbcL copy number per cell, as noted previously by Vasselon et al. (2018), Kelly et al.

26



633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

(2020) and Pérez-Burillo et al. (2020). This variation depends on the number of gene copies per
chloroplast and the number of chloroplasts per cell. A correlation between the rbcL copy number
and cell biovolume has been reported, leading to much higher relative abundances for high
biovolume species, e.g., Ulnaria ulna, large Pinnularia or Pleurosira laevis, in metabarcoding
outputs (Vasselon et al., 2018). This very likely explains the higher abundances obtained by the
DNA method for Achnanthes longipes and Pleurosigma. These taxa are characterized by high
biovolume and either high numbers of chloroplasts per cell (A. longipes) or highly complex, large

chloroplasts (Pleurosigma).

Concluding remarks

As mentioned earlier, diatoms can contribute well over 50% of primary benthic production in
marine habitats where the only obvious photosynthetic organisms are seagrasses (Cox et al., 2020),
while on apparently bare sediments lacking macrophytes, diatoms generally dominate, except in
summer when cyanobacteria are often important (e.g., Scholz & Liebezeit, 2012b). Furthermore,
individual diatom species, including species that coexist, can exhibit different responses to
macronutrients (e.g., Underwood & Provot, 2000), different vertical migration patterns (Underwood
et al., 2005), and different seasonality (e.g., Scholz & Liebezeit, 2012a). Hence, to understand
marine benthic communities, it is important to identify and quantify species, and hence to have

resources that facilitate consistent accurate identification.

The main aim of this paper was to use a small dataset to examine the advantages and disadvantages
of metabarcoding and morphological approaches to study the benthic diatom communities of
shallow coastal environments.-Our results show that both approaches are more difficult to
implement than in freshwater environments and in both cases the cause is essentially the same:
marine microphytobenthic communities have been greatly understudied, despite their ecological
and economic importance. As a result, the traditional morphology-based taxonomy has yet to
advance to the level achieved for freshwaters, while the lack of reference sequences limits the
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resolution achievable with metabarcoding, though this did not prevent the molecular method from
separating the samples according to the type of substratum. There are also special features of the
marine benthos — such as the presence of a wider range of related microalgal groups — that offer
extra opportunities for studying non-diatom diversity but also mean that the reference database
needs to be more inclusive than in freshwaters for efficient identification of ASVs. Clearly, then,
both approaches, morphological and metabarcoding, are in some senses incomplete for marine
benthic diatom communities, but together they offer a strong foundation for ecological and
biogeographical studies. We suggest that the way forward, for the moment, is to develop
metabarcoding and morphological approaches in parallel and exploit their particular strengths and
complementarity: for example, the far greater resolution and sensitivity of metabarcoding (and the
albeit limited capacity to detect non-diatom components), combined with the insights into life-form,
cell surface area: volume relationships and functional group membership that are inherent in the
morphological approach and can never be fully realized with metabarcoding, even when the

reference database is complete and allows all ASVs to be allocated to known species.
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Fig 1. Location of Ebro Delta (NE of Spain) and samples sites of Fangar (A) and Alfacs (B) bays. 2 biofilms
samples (E5 and E8) were taken from the surface of Crassostrea gigas individuals located in the Fangar Bay
(A). 7 biofilms samples were taken from the surface of Pinna nobilis (E9, E11 and E12), Cymodocea nodosa
(E14) and Caulerpa prolifera (E15) individuals located in the Alfacs Bay (B). The eediment samples (E10
and E13) were taken from the sediment adjacent to specimens of P.nobilis located in the Alfacs Bay (B).
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Fig 2. Relative abundance comparison of diatom growth forms between LM (a), DNA metabarcoding
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Figure 3. Non-metric multidimensional scaling of the Bray-Curtis dissimilarity calculated on diatom ASVs
relative abundance (A, stress=0.09) and relative abundance of diatom taxa identified by LM (B; stress=0.13).
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Fig 4. Maximum likelihood phylogenetic tree based on non-diatom ASVs related to different heterekont
classes. RbcL representative sequences included in the tree were extracted from Graf et al. (2020),
Watherbee et al. (2021) and GenBank database. The tree was built using using raxmIGUI on an alignment
partitioned by codon position and setting the GRT-Gamma model with 1000 replicates for the bootstrap
analyses. The tree was drawn using iTOL. Bootstrap support values from 70 to 100 are represented. ASVs
from rbcL metabarcoding are highlighted by white boxes.
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Tables

Table 1: Physico-chemical measurements registered in the different sampling sites at the time and date of
sampling. Note that there are samples (E9 & E10; E12-E15) with the same physico-chemical data; this is
because these samples were collected on the same date from the same small area, being separated from each
other by distances in the order of 10s of meters.

Sample Sampling date  Sampling Water Salinity pH Dissolved %
time temperature (g/L) oxygen Dissolved
(°C) (mg/L) oxygen
(mg/L)

E5 - Crassostrea gigas 03/03/2020 12:35 11 35.87 7.95 7.49 85.1

ES8 - Crassostrea gigas 10/03/2020 13:00 12.3 36.99 8.05 6.97 82.2

E9 - Pinna nobilis biofilm 12/03/2020 12:15 14.9 365 811 7.79 96.7

E10 - Pinna nobilis sediment

E11 - Pinna nobilis biofilm 12/03/2020 14:30 16.6 37.27 8.24 8.65 111.6

E12 - Pinna nobilis biofilm

E13 - Pinna nobilis sediment 12/03/2020  15:50 15.4 36.24  8.14 7.72 97.6

E14 - Cymodocea nodosa
E15 - Caulerpa prolifera
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Table 2. Comparison of taxa richness and Shannon diversity index values obtained for the LM and DNA

metabarcoding methods.

Microscopy DNA metabarcoding
Sample Taxa Shannon index Taxa richness Shannon index
richness

E5 - Crassostrea gigas 69 3.50 37 2.15
E8 - Crassostrea gigas 48 2.90 52 2.92
E9 - Pinna nobilis biofilm 44 2.81 37 2.43
E10 - Pinna nobilis sediment 75 3.73 47 2.23
E11 - Pinna nobilis biofilm 7 3.74 62 3.04
E12 - Pinna nobilis biofilm 67 3.46 55 3.04
E13 - Pinna nobilis sediment 72 3.50 57 2.88
E14 - Cymodocea nodosa 40 2.61 35 2.21
E15 - Caulerpa prolifera 44 3.34 25 1.59
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Table 3. SIMPER analyses showing taxa contribution to the total dissimilarities between DNA

metabarcoding and LM methods. Only the first thirty taxa with the greatest contribution to dissimilarities are

shown. It is also indicated the taxa for which there are or not representative sequences in the reference library

Diat.barcode v9.

Relative abundance  Relative  Contribution to Cumulative Availability of a
DNA abundance  dissimilarities Contribution to  representative sequence

Taxon metabarcoding LM (%) dissimilarities (%) in Diat.barcode v9
Thalassiosira profunda 27.36 0 14.37 14.37 yes
Navicula sp.4 0 9.3 4.88 19.25 no
Amphora helenensis 1.74 9.08 4.27 23.52 yes
Achnanthes longipes 7.64 0.45 4.15 27.67 yes
Berkeleya fennica 7.17 2.02 3.51 31.18 yes
Nanofrustulum shiloi 5.17 2.61 2.97 34.15 yes
Navicula sp. 4.47 0 2.35 36.50 yes
Amphora cf helenensis 0 4.17 2.19 38.69 yes
Nitzschia spathulata 3.57 0 1.87 40.56 no
Cocconeis scutellum v. posidoniae 0 3.47 1.82 42.38 no
Navicula normaloides 0 2.89 1.52 43.90 yes
Haslea howeana 2.79 0 1.47 45.37 no
Cyclotella choctawhatcheeana 0.11 2.77 1.43 46.80 yes
Navicula normalis 0 2.69 141 48.21 no
Cocconeis scutellum 0 2.56 1.35 49.56 no
Cyclotella sp. 2.15 0 1.13 50.68 yes
Seminavis robusta 1.57 0.92 1.11 51.79 yes
Nitzschia sp. 2.02 0 1.06 52.86 yes
Pleurosigma sp. 1.94 0 1.02 53.88 yes
Halamphora sp.2 0 1.81 0.95 54.83 yes
Navicula perminuta 1.75 0.53 0.92 55.75 no
Serratifera sp.3 0 1.71 0.90 56.65 no
Plagiogramma minus 0 171 0.90 57.55 no
Seminavis cf. robusta 1.69 0 0.89 58.43 yes
Navicula subagnita 0 1.68 0.88 59.31 no
Pteroncola marina 0 1.43 0.75 60.06 yes
Craspedostauros constricta 1.42 0 0.74 60.81 yes
Psammaodictyon sp. 1.39 0 0.73 61.54 no
Mastogloia crucicula 0 1.36 0.72 62.26 yes
Halamphora sp. 1.36 0 0.71 62.97 no

52





