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Abstract: Diatoms are used routinely to assess pollution level in rivers and lakes. Current methods are based
on identification by light microscopy, which is laborious. An alternative is to identify species based on short
DNA fragments and High—Throughput Sequencing (HTS). However a potential limitation is the incomplete
coverage of species in reference barcode libraries. Usually these libraries are compiled by isolating cells, be-
fore culturing and sequencing them, which is tedious and often unsuccessful. Here we propose the use of rbcL
sequences from environmental samples analysed by HTS. We set several criteria to ensure good sequence qual-
ity and correspondence with the target species observed in microscopy: the sequence needed to be abundant in
the sample, and with no insertions nor deletions or stop codon, phylogenetic neighbour taxa had to correspond
to neighbour taxonomic taxa expected from morphological observations. Four species from tropical rivers are
given as examples, including one that is new to science.
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INTRODUCTION

Human activities have had an impact on the environment
and in particular on freshwater ecosystems for a long time.
Increased fish mortality in the Rhine and Thames in the
late 17" and 18" centuries drew attention to the impact
of pollution on aquatic ecosystem health (MARKERT et al.
2003) and, by the mid—19" century, several authors had
observed that the composition of microscopic organisms
in polluted aquatic ecosystems was different to that in
unpolluted habitats (Coun 1853). In 1908, KoLkwITZ

and MARSSON demonstrated a clear relationship between
water quality and organisms, including microalgae, in
freshwaters (KOLKWITZ & MARSSON 1908). Microalgae
are often the dominant primary producers of aquatic
ecosystems. They display huge taxonomic diversity,
and diatoms alone are estimated to have over 100,000
extant species (MANN & VANORMELINGEN 2013). This
diversity, coupled with a high sensitivity to their chemical
environment and wide distribution makes them excellent
ecological indicators (STEVENSON 2014). In the 1950s
several authors (e.g. HUSTEDT 1957; ZELINKA & MARVAN
1961; BUTCHER 1947) started to use diatoms for practical
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assessment of pollution. Interest grew over subsequent
decades and diatoms are now widely used for ecologi-
cal assessment in both Europe (e.g. RIMET 2012; KELLY
et al. 2014), with the Water Framework Directive, and
the US (e.g. BARBOUR et al. 1999; POTAPOVA & CHARLES
2007; HAUSSMANN et al. 2016), with the Clean Water Act.
Until now standard methods for freshwater ecological
assessment based on diatoms (e.g. EUROPEAN COMMITTEE
FOR STANDARDISATION 2014 a, b) have required the bio-
films on submerged surfaces to be sampled and then the
species present in this biofilm to be identified and counted
using their siliceous exoskeleton under light microscopy.
This requires time and highly trained analysts with good
knowledge of the taxonomic literature. This limits output
per analyst to no more than 200-300 analyses per year
for the most taxonomically intensive methods, which is
a bottleneck for ecological monitoring (HAJIBABAEI et al.
2016). Moreover, there can be considerable inter—analyst
variation (e.g. BESSE-LOTOSKAYA et al. 2006; KAHLERT
et al. 2009, 2012).

So—called “DNA-Barcoding” (HEBERT et al. 2003)
has been proposed as an alternative to microscopical
identification, using DNA sequencing to recognise diatom
species. This concept was expanded to enviromental
samples, in “DNA-metabarcoding” (POMPANON et al.
2011), where species are identified in natural samples
using their DNA. Several studies have demonstrated
that this approach may be applicable to river diatoms
(KERMARREC et al. 2013b; ZIMMERMANN et al. 2015; Visco
etal. 2015; Rivera et al. 2017). However, these studies
also showed that a potential limitation of metabarcod-
ing was an insufficient coverage of existing taxa of the
reference barcoding library. This needs to be as complete
as possible and must be curated to maintain its quality
(i.e. taxonomic homogeneity of assignations, sequence
quality, and traceability of data and metadata; (RIMET et
al. 2016; KuUsBER et al. 2012). Barcodes in such libraries
are obtained in several ways. Firstly, through single—cell
isolations, culturing, and Sanger sequencing (e.g. EvANS
et al. 2007; TroBAJO et al. 2009; ZIMMERMANN et al.
2014a; ABarca et al. 2014). However, cell isolation
is a long process which can in many cases be unsuc-
cessful since some species appear not to thrive under
culture conditions. Moreover, some species in cultures
show deformations of their frustule, which can make
them difficult to identify especially if they have been
cultivated for a long time. Another drawback is the rapid
cell size reduction of some species in culture which
also complicates identification (e.g. K1 et al. 2008). As
a result of a combination of these factors, many species
that are important for ecological assessment have not
yet been sequenced.

A second means of obtaining barcodes is single—cell
PCR which can be used to obtain nucleotide sequence
for taxa that cannot be cultured (TAKANO & HORIGUCHI
2006; GoMEz et al. 2012). Single—cell extraction/PCR
has recently been applied to diatoms by HAMILTON et
al. (2015) and KHAN—BUREAU et al. (2016), but in these
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cases, identifications were carried out only on living
cells, which, in most cases, may prevent correct spe-
cies identification (HaMILTON et al. 2015). Moreover,
the majority of the sequenced diatoms were relatively
large and small—celled taxa (10-20 um) were excluded.

A final means of obtaining barcodes for reference
libraries is direct sequencing of environmental samples
in order to avoid the laborious procedures involved in the
first two methods (isolation, culturing, single cell sort-
ing). Examples of two different approaches have already
been published. One is simple direct Sanger sequencing
of samples presenting very low species diversity, as in
some Chilean rivers with Didymosphenia geminata
(LYNGBYE) MART. SCHMIDT blooms (JARAMILLO et al.
2015). However, this method is relatively imprecise and
several rbcL sequences published do not correspond to
the targeted species announced in the paper (e.g. NCBI
accession numbers: KR066780, KR066784). Another
approach is a PCR of the environmental sample followed
by cloning (e.g. KHAN—BUREAU et al. 2016).

In this paper, we present another means of en-
riching barcode reference libraries. In this case environ-
mental samples were sequenced using High-Throughput
Sequencing (HTS) and the outputs compared with the
results of light and electron microscope analyses of
the same samples. There are several potential benefits
compared to previous studies. First, a greater number of
sequences per sample than Sanger sequencing should be
accessible with HTS. Second, a much bigger number of
samples can be sequenced with HTS and thereby costs
can be reduced. The challenge lies in selecting sequences
from environmental samples that correspond to the spe-
cies of interest. The questions we want to address are:

1. Is it possible to relate environmental sequences
to the target species observed by microscopy and to
do so with high reliability?

2. What are the advantages/disadvantages associated
with the use of sequences from uncultured diatoms?
3. Which material, data and metadata must be stored
with these sequences to ensure good traceability?

Several examples will be given from Mayotte island,
a French tropical island of the Comoros archipelago
situated in the Mozambique Channel (Africa), where
98 environmental samples from rivers were sequenced
using a HTS technology, lon—Torrent PGM, and also
observed with light and scanning electron microscopy.
The open—access barcoding library R—Syst::diatom
(RIMET et al. 2016) is used as the host database to store
the data (www.rsyst.inra.fr/) presented in this paper and
the Thonon Culture Collection (TCC) to store the material
(wwwo.inra.fr/carrtel—collection_eng/), as well as the
Botanischer Garten und Botanisches Museum Berlin—
Dahlem of Berlin (Germany) and the Conservatoire et
Jardin Botaniques of Geneva (Switzerland).
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MATERIALS AND METHODS

Study area and sampling methodology. Mayotte (France)
is a tropical island with a surface of 374 km?, located in the
Indian Ocean to the northwest of Madagascar and to the east of
Mozambique (12°50'35"S, 45°08'18"E) (Fig. 1). Geologically
it is of volcanic origin and is part of the Comoros archipelago.
It consists of two main parts, the smaller Petite—Terre (11 km?)
and the Grande—Terre (363 km?) where the study was performed.
The main pressures on its rivers are related to the fast growing
population (226,915 inhabitants in 2015; INSEE 2016). Samples
were collected as part of river pollution assessments; results
are reported to the European Commission as part of France’s
obligations under the Water Framework Directive (EUROPEAN
Commission, 2000). For this study, samples were collected
during the dry season in July and August 2015.

The sampling procedure followed European standards
(EUROPEAN COMMITTEE FOR STANDARDISATION 2014 A,B). Benthic
diatoms were collected from at least five stones from the
fast-flowing parts of sampling sites. The upper surfaces of the
stones were scrubbed with a toothbrush in order to collect the
biofilms. The samples were then fixed with ethanol to give a
final concentration of at least 70%.

Preparation for microscopy. Diatom valves were cleaned
using 40% H,0, and 40% HCI. Cleaned valves were mounted
in a resin (Naphrax©, Brunel Microscopes: http://www.brunel-
microscopes.co.uk/) with a high refractive index to create
permanent slides. For scanning electron microscopy (SEM),
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Fig. 1. Study site location: (a) General location of Mayotte in Mozambique
channel (arrow); (b) Location of rivers (grey lines), sampling sites in
Mayotte (grey dots) and the selected sampling sites discussed in this
paper (black squares): (1) Soulou river waterfall, (2) downstream the
Gouloué river (Poll 7), (3) downstream the Songaro Mbili river (Poll
29) (4) Mouala river near Mirereni city (Poll5).
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dried cleaned diatom valves were coated with gold using a
Cressington 108 auto sputter coater© and examined with a
Zeiss DSM940A © in the Natural History Museum of Geneva
(Switzerland). Samples were analysed by light microscopy as
part of a parallel study (TapoLcza1 et al. 2017). Four samples
with the low number of species were selected.

DNA extraction. These four environmental samples were
centrifuged at 13,000 rpm (equivalent to 18,000 x g) for 30
min, the supernatant was then removed. 25 mg of wet pellet
was used for each sample. DNA extraction was based on the
Sigma—Aldrich GenEluteTM—-LPA DNA protocol which was
used in previous studies (KERMARREC et al. 2014; CHONOVA
et al. 2016; VASSELON et al. 2017). The final elution volume
was 40 pl.

Preparation of the library of amplicons and HT'S sequencing:
For all four samples, HTS sequencing of a 312—bp fragment of
rbcL (the exact region is situated between the primers given
below) was performed. For each DNA sample, PCR amplifi-
cation was performed in three replicates on 1 pl of extracted
DNA in a mix (25ul final volume) containing: 0.75 Unit of
Takara LA Taq® polymerase (for 25 pul of final volume, 0.15
ul of Taq at 5Unit/1), 2.5 ul of 10x LA PCR Buffer II (Mg*),
1.25 pl of 10 uM of forward and reverse primers, 1.25 ul of
1.51x10* mol.I'' BSA (Bovine Serum Albumin), 2 pl of 2.5
mM dNTP and completed with 15.6 ul H,O (molecular biology
grade). The primer pair Diat_rbcL._708F (STOOF-LEICHSENRING
et al. 2012) and R3 (BRUDER & MEDLIN 2007) was modified
to amplify a broader diversity of diatom as follows: forward
primer combine an equimolar mix of Diat_rbcL_708F 1
(AGGTGAAGTAAAAGGTTCWTACTTAAA), Diat_rbeL_708F 2
(AGGTGAAGTTAAAGGTTCWTAYTTAAA) and Diat
rbcL_708F 3 (AGGTGAAACTAAAGGTTCWTACTTAAA);
reverse primer combine an equimolar mix of R3 1 (CCTTCT-
AATTTACCWACWACTG) and R3_2 (CCTTCTAATTTAC-
CWACAACAQG). PCR reaction conditions were as follows:
initial denaturation of DNA at 95 °C for 15 min followed by
33 cycles with 45 s denaturation at 95 °C, followed by 45 s an-
nealing at 55 °C and 45 s extension at 72 °C. One no—template
control (NTC) was used as a negative control.

The 3 replicates of PCR amplicon for each sample
were then pooled and cleaned with Agencourt AMPure beads
(Beckman Coulter, Brea, USA) following the manufacturer’s
instructions, except that a 1.5:1 beads:DNA ratio was used
specifically to purify the 312-bp fragment. Purified ampli-
cons were assessed for quality and quantified using the 2200
TapeStation (Agilent technologies, Santa Clara, USA) with
D1000 screen tape and reagents. The purified amplicons were
used to prepare four DNA libraries for HTS with Ion Torrent
technology using the NEBNext® Fast DNA Library Prep set
for Ion Torrent™ (BioLabs, Ipswich, USA) following the
manufacturer protocols for End repair, PCR amplification of
adapter ligated DNA (7 cycles) and cleaning steps. Ligation of
library adapters to purified amplicons was done using 2uL of
P1 adapter (NEB kit) and 2pul of A—X tag adapter provided in
Ton Express™ Barcode adapters (Life Technologies, Carlsbad,
USA) using 1 tag per amplicon.

The quality, size and concentration of the libraries
were checked using the 2200 TapeStation with D1000 High
Sensitivity screen tape and reagents. Each library was diluted
to 100 pM and all were pooled together with 50 libraries from
other environmental samples from Mayotte in a unique mix
sequenced using 1 Ton 318™Chip Kit V2 (Life Technologies,
Carlsbad, USA) on a PGM Ion Torrent machine by the “Plateforme
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Table 1. Sampling sites location, habitat description, and collectors names. Sites acronymes used by the local authorities are given in brackets.

Sampling site Sampling date Habitat Coordinates Collectors Dominant target
species
Soulou river waterfall 25/07/2015 Unpolluted 12°46'48.3"S Rimet and Epithemia hirundi-
waterfall 45°6'6.5"E Tapolczai Jformis (O. MULLER)
comb. nov.
Gouloué river, near Pas-  20/07/2015 Polluted river,  12°47'57.9"S Rimet and Halamphora ghanensis
samainty city (Poll7) marine influ- 45°12'37.9"E Tapolczai Levkov
ence
Songaro Mbili river near  24/07/2015 Polluted river ~ 12°50'23.3"S Rimet and Gomphonema clavatu-
Dembeni city (Poll29) 45°10'28.3"E Tapolczai loides sp. nov.
Mouala river near Mir- 23/07/2015 Polluted river ~ 12°47'25.9"S Tapolczai G. parvulum (KUtz-
ereni city (Poll5) 45°0821.6"E and Vasselon ING) KUTZING sensu

lato

Génome Transcriptome” (PGTB, Bordeaux, France).

Sequence data processing. Demultiplexing and adapter removal
steps were made by the Sequencing Platform which provided
a single fastq file for each of the 55 libraries. DNA reads were
filtered for length and quality using mothur software (SCHLOSS
et al. 2009) in every fastq file with the following settings: a
minimum length of 250 bp, a Phred quality score higher than
23 over a moving window of 25 bp, a maximum of 1 mismatch
in the forward primer sequence, homopolymers shorter than
8 bp, and absence of ambiguous bases. Reads which were
not fully aligned with the rbcL barcode were removed. The
resulting files were analysed together. Denoising of sequencing
error was performed with the pre.cluster command by creating
read clusters allowing one nucleotide difference between DNA
reads. Chimera removal was done with UCHIME algorithm
(EpGar et al. 2011).

The R—Syst::diatom database (RIMET et al. 2016)
(database version v5, http://www.rsyst.inra.fr/en), restricted to
our 312-bp rbcL barcode, was used as the reference database.
Taxonomic assignment of DNA reads at species level was
made using this reference database and the Naive Bayesian
method (WANG et al. 2007) with a confidence score threshold of
85%. Only DNA reads assigned to the Bacillariophyta phylum
(diatoms) were used in further analyses.

After dereplication, uncorrected pairwise distances
were calculated between aligned reads to generate a similar-
ity distance matrix. Based on this distance matrix, reads were
clustered in Operational Taxonomic Units (OTUs) using the
Furthest Neighbour algorithm at 100% similarity level in
order to have each OTU represented by a single sequence.
Singletons were removed.

Then, for each of the four low—diversity samples, a
Blastn was run on the entire NCBI database with each of the
15 to 20 most abundant 312—-bp sequences. 312—bp sequences
showing a BLAST result congruent with the microscopical
identification of targeted species were kept for subsequent
phylogenetic analyses.

Phylogenetic analyses. For each of the four samples, the
selected 312-bp sequences were aligned with a selection
of sequences from R—Syst::diatom database using Muscle
(EDGAR 2004) in Seaview (Gouy et al. 2010). This selection of

sequences was done based on their taxonomic proximity to the
312-bp sequences. The lengths of the Sanger sequences from
R—Syst::diatom were at least 1000 bp. The best substitution
model was then tested in MEGA7 (KuMaR et al. 2016). A first
phylogenetic tree was calculated following the best substitution
model with raxmlGUI (SILVESTRO & MICHALAK 2012) and the
sequence selection of R—Syst::diatom, after which we calculated
a second phylogenetic tree, adding the 312-bp sequences in
the phylogeny and enforcing its topology with the topology
of the first tree. This analysis is also available in raxmlGUI
under the “enforce constraint menu” and “define topological
constraint”. Trees were drawn in MEGA?7.

Material and data accessibility. All material is accessible
through the Thonon Culture Collection (TCC: https://www6.
inra.fr/carrtel-collection_eng/) and at the Botanischer Garten
und Botanisches Museum Berlin—Dahlem, Freie Universitit
Berlin (B) and also at the Conservatoire et Jardin Botaniques
of Geneva (G) (for the newly described species, all nomencla-
tural acts have been submitted to PhycoBank for registration
of new scientific names; http://phycobank.org). TCC culture
collection hosts algal cultures, but also uncultured samples
containing species of interest (as permanent slides, and raw
and treated material). All metadata are stored in the open—ac-
cess R—Syst::diatom reference database; a detailed description
of this database and its management is given in RIMET et al.
(2016). Taxonomy, sequences, photos, sampler names, phe-
notypic data, etc., can be consulted and downloaded at: http://
www.rsyst.inra.fr/

RESuULTS

Table 1 and Fig. 1 give the sample locations, their envi-
ronmental characteristics and the dominant target species.

Morphology and ecology

Halamphora ghanensis LEvkov (Fig. 2)
This sample is registered and conserved in the TCC
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(TCC956 — uncultured sample) and in the Botanischer
Garten und Botanisches Museum Berlin—Dahlem, Freie
Universitit Berlin (B 40 0041830).

The morphology of the valves from the Gouloué
river (Fig. 1, site 2) fitted the description of H. ghanensis
(LEvkov 2009): valve length from 25.2 to 26.4 pm (24
to 27 um in LEVkKOV), width 5.6 to 6.4 pm (5 to 5.6 pm
in LEvkov 2009), 13 to 14 dorsal striae/10 pm (14 to 16
in LEvKov 2009). We do not think the small differences
in measured width and stria density are sufficiently dif-
ferent from the original description to suggest a different
species. Morphological features observable in SEM also
correspond to the description given in LEvkov (2009):
dorsal ledge crenulated, dorsal striae biseriate and in-
terrupted by longitudinal bars near the dorsal margin.
Striae also appear biseriate internally. There is a poorly
developed helictoglossa in the distal raphe endings and
fused central helictoglossae at the proximal raphe end-
ings, as in the species description (LEvKov 2009). A
single row of dorsal areola was observed near the raphe
in internal view (a feature not present in H. acutiuscula
(KUTzING) LEVKOV, which is otherwise morphologically
close to H. ghanensis).

The sample was collected from Gouloué river, near
Passamainty city (Table 1), a polluted river surrounded
by a village where many houses discard their wastewater
directly into the river (2.5 mg.I"' of dissolved organic
carbon, 0.08 mg N.I'' of NH,*, 113 mg.I"' O, chemical
oxygen demand). This section of river is subject to tidal
influence, which explains the high conductivity (2260
uS.cm™) and chloride concentration (706 mg.I"! CI")
measured on the day of sampling. We would emphasise,
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however, that H. ghanensis is regularly observed in
samples from Mayotte island, in river stretches that are
not tidal and where the conductivity is < 300 pS.cm™.
Usually, it forms < 10% of the diatom assemblage (based
on 400 valves counted per sample) whereas in the Gouloué
river it was abundant (38% of the valves counted). We
therefore suspect this species prefers brackish waters
rich in organic matter. In Levkov (2009), H. ghanensis
was reported from a river in Ghana (West Africa), but
no chemical measurements were given.

Gomphonema clavatuloides RIMET, D.G. MANN, TROBAJO
et N. ABARcCA sp. nov. (Fig 3)

Description: Valve lanceolate—clavate, with the broadest
portion of the valve at the central nodule; apex and base
rounded. Axial area narrow, linear. Central area small,
transversely elongated, made by slight shortening of
central striae on both valves sides. Stigma present at the
end of a shortened central striae. Length from 25 to 41
um, breadth from 5.5 to 7.0 um, striae density from 7 to
9 in 10 pm. Transapical striac moderately radiate, more
parallel towards the poles. Areolae lineolate in external
view: in internal view, the areolae have the same shape
and lie in a furrow. The central punctum has a round
opening in external view and is lineolate in internal view.
The internal central raphe ends are hooked towards the
primary side of the valve (i.e. in the opposite direction
to the external distal ends). The external central raphe
ends are slightly deflected towards the primary side of the
valve and terminate in a drop-shaped expansion. Distally,
the raphe ends in terminal fissures that are slightly bent
towards the secondary side. Both internal distal raphe

Fig. 2. Halamphora ghanensis in downstream Goulou¢ river: (a—e) Light microscopy, valve views; (f-1) Scanning electron microscopy, (g)
internal view; (f, h ,i) external views, (f) detail of areola structure. Scale bar 10 um (a—e, g—i), 2 um (f).
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ends terminate straight in helictoglossae. Four pores are
present on the mantle in extension of each valve stria.

Holotype: B 40 0041829 (Botanischer Garten und
Botanisches Museum Berlin—Dahlem, Freie Universitét
Berlin, Germany) represented by Fig. 3g.

Isotype: Conservatoire et Jardin Botaniques, Geneva,
Switzerland, reference number: G00260989.

This sample (slides, raw material) is also registered
and conserved in the Thonon Culture Collection of
the INRA: TCC955 — uncultured sample deposited in
Thonon-les—Bains, France.

Type locality: Songaro Mbili river near Dembeni
city (France, Mayotte Island, Northern Mozambique
Channel), sampled 24 July 2015 by F. RIMET, coordinates:
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12°50"23.3"S, 45°10'28.3"E (Fig. 1 site 3).

Name registration: http://phycobank.org/100011
Etymology: The specific epithet refers to the close
resemblance to G. clavatulum E. Reichardt.

Similar taxa: This taxon resembles the G. longiceps
Ehrenberg (G. clavatum post auct.)species complex,
which also includes similar species and varieties such
as G. clavatulum E. REICHARDT and G. subclavatum
(GruNOW) GRUNOW (KRAMMER & LANGE-BERTALOT
1986; REICHARDT 1999). Gomphonema clavatuloides
has the same general clavate shape as G. clavatulum
and G. subclavatum but differs in its breadth (5.5-7.0
um: compare 4.7-5.7 pm for G. clavatulum and 8-10
for G. subclavatum) and striae density (7-9 in 10 um;
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Fig. 3. Gomphonema clavatuloides, downstream the Songaro Mbili river: (a—j) light microscopy, valve view; (k—n) light microscopy, girdle
view; (o-1) Scanning electron microscopy; (0) internal view, detail of proximal raphe ending and areola structure; (p) external view of girdle
view (head pole); (q) internal raphe ending at the foot pole; (r) general external view. Scale bar 10 um (light microscopy photos), 5 um (scan-

ning electron microscopy).
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compare 10.5-14 pm for G. clavatulum and 9-13 for G.
subclavatum). It might also be confused with small or
medium-sized valves of G. paludosum E. REICHARDT
but differs in striation pattern and number of striae in
10 um (REICHARDT 1999).

Ecology: This sample was collected from Songaro
Mbili river (site 3, Fig. 1), near Dembeni city, a polluted
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Fig. 4. Epithemia hirudiniformis, Waterfall of Soulou river: (a—c) light
microscopy; (d, e) Scanning electron microscopy; (d) detail of the foot
pole; (e) detail of the proximal ending of the raphe and of the areola
structure. Scale bar 20 pm (a—c), 3 pm (d—e).
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stream surrounded by subsistence farming and villages;
several houses discard their wastewaters directly in the
river. The water was almost stagnant with traces of soap
(women wash clothes at this place). Conductivity was
280 uS.cm™, chemical oxygen demand was 66 mg.I"' O,
(measured in August 2014), but the dissolved phospho-
rus concentration was low (0.014 mg of P-PO*".I""). In
this sample, G. clavatuloides was the dominant species
(85.6% of the counted valves).

Epithemia hirudiniformis (O. MULLER) RiMET, D.G.
MANN, R. TROBAJO, J. ZIMMERMANN et R. JAHN comb.
nov. (Fig. 4)

Basionym: Rhopalodia hirudiniformis O. MULLER,
Botanische Jahrbiicher fiir Systematik, Pflanzengeschichte
und Pflanzengeographie 22, p. 67, pl. I: figs 40-46, 51, 52;
pl. II: figs 15-17 (1895).

Name registration: http://phycobank.org/100012

Taxonomy and morphology: This sample is registered
and conserved in TCC (TCC954 — uncultured sample)
and in the Botanischer Garten und Botanisches Museum
Berlin—Dahlem, Freie Universitét Berlin (B 40 0041831).
We propose a new combination for Rhopalodia hiru-
diniformis in Epithemia since, according to Ruck et
al. (2016), Rhopalodia is paraphyletic with respect to
Epithemia. When Rhopalodia and Epithemia are com-
bined in a single monophyletic genus, the correct name
is Epithemia.

A few species and varieties belonging to former
Rhopalodia are heteropolar, in particular, R. hirudinifor-
mis and its varieties var. parva O. MULLER, var. turgida
FRrICKE, and also the species R. rhopala (EHRENBERG)
HusTeDT. All these taxa were described from east African
lakes (CocqQuyT 1998; CocqQuYT et al. 2018). Regularily,
some publications and databases incorrectly spell this
species “hirundiniformis”.

The length of the valves found in the Soulou
waterfall (site 1, Fig. 1, Fig. 4) ranged from 73.6 to 215
pm and the maximum width from 7 to 14 um. However,
the smallest width measurements may be erroneous as
the valves were not always flat during light microscopy.
In our sample, the striae and fibulae densities were
11-12 and 5-6 in 10 um, respectively. These densities
correspond to the description of R. rhopala, R. hiru-
diniformis and its varieties. However, the length of the
frustules in our sample corresponds to R. rhopala and
R. hirudiniformis. Indeed, according to the valve sizes
given in CocQuyT (1998) the largest valves (220 pum)
correspond to R. rhopala while most of the other valves
fall into the size range of R. hirudiniformis (58—113
pum). The distribution of the length and width measures
followed a normal distribution (p > 5%, measurements
carried out on 28 valves) so we cannot consider this
population as belonging to two different species. Finally,
the clear constriction observed on R. hirudiniformis var.
turgida does not correspond to the morphology observed
in this sample. For these reasons we decided to identify
the valves observed in our sample as R. hirudiniformis.
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Fig. 5. Gomphonema parvulum sensu lato downstream the Mouala river. Light microscopy photos showing the morphological heterogenity of
this taxon in this sample: (a—g) morphology corresponding to G. lagenula; (h—p) morphology corresponding to G. parvulum sensu lato. Scale

bar 10 um.

£.pedi
A S oo O,
Qo1 e £ FERTR T, e
b 'S Q o U © 2. Y. bo /77
1% ¢ & SS90 3 7
2 o P T EIRET Yy o, %
w 8528 % % &
S K& 3T 325 B o
&bv \g é\ L 3 T 5 B %
2 ¥ T T8 2 3 9o T
0.01 & ¥ S 2 5 2 %
& $ T 5 2 3 @
[

Fig. 6. Constrained unrooted phylogeny of Halamphora ghanensis. The two H. ghanensis sequences (312 bp) and KT023600, AM710424,
AM710425, AM710426, AM710489, AM710511 (lengths of these sequences varies from 385 to 714 bp) were constrained by the phylogeny of
the 34 other sequences (926 bp). Maximum likelihood tree with rapid bootstrap and GT Gamma, RaxML. 1000 bootstraps. Bootstrap values

above 50% are given for each node. Scale bar: number of substitutions per site.
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Ecology: The Soulou waterfall (site 1, Fig. 1) comes
from the Chirini river and falls onto a beach in the north
west part of Mayotte Island. The sample was taken on
the vertical wall of the waterfall where thick aerial
biofilms were visible. E. hirudiniformis was associated
with several species of cyanobacteria (Oscillatoria sp.,
Pseudanabaena sp., Chroococcus sp., Plectonema sp.)
and was the only diatom species observed. Moreover,
four to eight cells of endosymbiotic cyanobacteria could
be observed in each cell of E. hirudiniformis. There is

a sampling station on the Chirini river 500 m upstream

of the waterfall, which shows quite good water qual-
ity (230 uS.cm' conductivity, 30 mg.I'" O, chemical
oxygen demand, less than 0.1 mg.I"" of NO,—N, 0.01
mg."' of PO —P).

0.005
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Gomphonema parvulum (KUrzING) KUTZING sensu
lato (Fig. 5)
Taxonomy and morphology: This sample is registered
and conserved in TCC (TCC958 — uncultured sample)
and in the Botanischer Garten und Botanisches Museum
Berlin—Dahlem, Freie Universitét Berlin (B 40 0041832).
Several samples in Mayotte island contained high
abundances of G. parvulum sensu lato (encompassing
G. narodoense R. JAHN, N. ABARCA, J. ZIMMERMANN et
ENKE, G. lagenula KUTZING, G. parvulum, and varieties).
One of these (Mouala river near Mirereni city) showed
significant morphological and genetic diversity. Its mor-
phology is given in Figure 5. Figs Sa—g correspond to
the morphology of G. lagenula, indeed, the shape of the
head pole is consistently more rostrate to capitate than
in G. parvulum sensu stricto and the general shape of
the frustule is lanceolate, as described in ABARCA et al.

Fig. 7. Constrained unrooted phylogeny of Gomphonema clavatuloides. The ten G. clavatuloides sequences (312 bp) were constrained by the

phylogeny of the 87 other sequences (1093 bp). Maximum likelihood tree with rapid bootstrap and GT Gamma, RaxML. 1000 bootstraps.
Bootstrap values above 50% are given for each node. Scale bar: number of substitutions per site.
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(2014). Figs Sh—p have a rather different shape; indeed
the linear to lanceolate valve is more slender and much
less clavate than G. lagenula. This second morphodeme
could fit G. parvulum var. parvulum morphodeme exilis-
simum (strain D12_022) according to the information
given by ABARCA et al. (2014). Nevertheless, the stria
density of the valves ranged from 9 to 12 in 10 pm and
does not correspond to the density in G. exilissimum
(GruUNOW) LANGE-BERTALOT (1214 in 10 pum, in
HormANN et al. 2011).

In this sample, another Gomphonema species
was observed under microscope, G. bourbonense E.
REICHARDT.

Ecology: This sample was collected from the Mouala
river (site 4, Fig. 1) near Mirereni city, a polluted river
receiving wastewaters from several houses. When the
diatoms were sampled, the water was deoxygenated
(24% O, saturation); conductivity was 120 uS.cm™' and
chemical oxygen demand was 76 mg.1"" O,.

Phylogeny

Halamphora ghanensis (Fig. 6)

1751 different environmental sequences were obtained
from the sample from the Gouloué river, near Passamainty
city, of which 432 were singletons. The 15 most abundant

RiIMET et al.: Libraries of diatom barcodes

sequences were blasted on NCBI. Two sequences had
high similarity with Halamphora montana (KRASSKE)
LEVKOV (96%) and their length was 312-bp. These se-
quences were selected to build a phylogeny. The list of
sequences used as constraints for the 312—bp sequences
is given in Supplementary data S1 and the alignment
used in the phylogeny is in Supplementary data S5.
No indels or stop codons appeared in the 312—bp se-
quences after alignment. The best model selection was
the GTR+G+I model (General Time Reversible model
with gamma distribution and Invariable sites) which
showed the lowest AICs (Akaike Information Criterion,
corrected). A maximum likelihood constrained phylogeny
with GTR+G+I model and 1000 rapid bootstraps was
calculated and is drawn in Fig 6.

The two 312—bp sequences are included in a
group supported by a high bootstrap value (97%). This
clade is composed of representatives of Amphora and
Halamphora. Three of the Amphora species included
were described by WACHNICKA & GAISER (2016), and
STEPANEK & KocCIOLEK (2014) have already suggested
that they should be transferred into Halamphora. These
are Amphora semperpalorum WACHNICKA et GAISER,
A. subtropica WACHNICKA et GAISER and A. caribaea
WACHNICKA et GAISER. Amphora hyalina KUTZING, also
included in this group, was described by KUTZING (1844).
The results of our phylogeny confirm the proposition of
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Fig. 8. Constrained unrooted phylogeny of Epithemia hirudiniformis. The five E. hirudiniformis sequences (290 bp) were constrained by the
phylogeny of the 87 other sequences (1362 bp). Maximum likelihood tree with rapid bootstrap and GT Gamma, RaxML. 1000 bootstraps.
Bootstrap values above 50% are given for each node. Scale bar: number of substitutions per site.
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STEPANEK & KOCIOLEK (2014) and the morphological
features of these species correspond to the descrip-
tion of Halamphora by LEvkov (2009). This clade is
therefore composed only by Halamphora species and
we consider that the two 312—bp sequences can be kept
in R—Syst::diatom. Moreover we suggest the following
new taxonomic combinations:

Halamphora semperpalorum (WACHN. et E.E. GAISER)

RIMET et R. JAHN comb. nov.

Basionym: Amphora semperpalorum WACHN. et E.E. GAISER,
Diatom Res. 22: 403, figs 4448 (2007).

Name registration: http://phycobank.org/100014

Halamphora hyalina (KUtzING) RIMET et R. JAHN
comb. nov.

Basionym: Amphora hyalina KU1zING, Die Kieselschaligen
Bacillarien oder Diatomeen. W. Kéhne, Nordhausen. p. 108,
fig. 30/18. (1844).

Name registration: http://phycobank.org/100016
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Halamphora subtropica (WACHN. et E.E. GAISER)

RIMET et R. JAHN comb. nov.

Basionym: Amphora subtropica WACHN. et E.E. GAISER,
Diatom Res. 22: 407, figs 64-70 (2007).

Name registration: http://phycobank.org/100018

Halamphora caribaea (WACHN. et E.E. GAISER) RIMET

et R. JAHN comb. nov.

Basionym: Amphora caribaea WACHN. et E.E. GAISER, Diatom
Res. 22: 399, figs 35-37 (2007).

Name registration: http://phycobank.org/100020

Gomphonema clavatuloides (Fig. 7)

1876 different environmental sequences were obtained
from the sample from Songaro Mbili, near Dembeni city,
of which 153 were singletons. The 20 most abundant
sequences were blasted on NCBI and R—Syst::diatom.
10 sequences had high similarity with Gomphonema
acuminatum EHRENBERG (95-96%) and their length was
312 bp. Three other sequences also had high similarities

with species of Gomphonema genus: G. bourbonense
(one sequence matching with rbcL sequences of strains
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Fig. 9. Constrained unrooted phylogeny of Gomphonema parvulum sequences of the downstream sampling site of the Mouala river. Fourteen G.
parvulum sequences (275 bp) were constrained by the phylogeny of the 62 other sequences (916 bp). Maximum likelihood tree with rapid boot-
strap and GT Gamma, RaxML. 1000 bootstraps. Bootstrap values above 50% are given for each node. Scale bar number of substitutions per site.
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TCC441, TCC460, TCC513, TCC450, TCC514, TCC453,
TCC452, TCC451) and G. lagenula (two sequences
matching with »bcL sequences of strains TCC470,
TCC500, TCC440, TCC432, TCC431, TCC429 and NCBI
sequences HG530055, HG530054); these sequences were
rejected from further analyses. Sequences showing high
similarities with G. acuminatum were selected to build
a phylogeny. The list of sequences used as constraint
for the 312—bp sequences is given in Supplementary
data S2 and the alignment used in the phylogeny is in
Supplementary data S6. No indels and no stop codons
appeared in the 312-bp sequences after alignment. The
best model was the GTR+G+I model which showed
the lowest AICs. A maximum likelihood constrained
phylogeny with GTR+G+I and 1000 rapid bootstraps
is given in Fig. 7.

The ten 312-bp sequences form a monophyletic
clade supported by a high bootstrap value (93%). The
nearest species is G. subclavatum var. mexicanum
(GruNnOW) R.M. PaTrICK. Therefore these ten 312-bp
sequences can be kept for R—Syst::diatom.

Epithemia hirudiniformis (Fig. 8)

959 different environmental sequences were obtained
from the sample from Soulou waterfall, none of which
were singletons. The 15 most abundant sequences were
blasted on NCBI. 14 sequences had high similarity with
Epithemia gibba KUTZING (94-96%) and their length was
290 bp. The 15" had high similarity with Ulnaria ulna
(N1tzscH) CoMmPERE. This last sequence accounted for
0.5% of the total abundance of the sequences. The list of
sequences used as constraits for the 290—bp sequences
is given in Supplementary data S3 and the alignment
used in the phylogeny is in Supplementary data S7.
After alignment, 9 of the 290-bp sequences showed
deletions and were removed from the following analyses.
5 sequences were selected and showed no stop codons.
The best model selection was the GTR+G+I model
which showed the lowest AICs. A maximum likelihood
constrained phylogeny with GTR+G+I model and 1000
rapid bootstraps is given in Fig. 8.

The five 290-bp sequences form a monophyletic
clade supported by a high bootstrap value (100%). They
are inside a larger clade composed of other Epithemia
species and supported by a high bootstrap value (79%).
Therefore only five sequences out of the fourteen 290—
bp sequences were kept for R—Syst::diatom.

Gomphonema parvulum (Fig. 9)

1053 different environmental sequences were obtained
from the sample from the Mouala river near Mirereni
city of which 516 were singletons. The 20 most abundant
were blasted on NCBI. 14 sequences had high similarity
with Gomphonema parvulum sensu lato and their length
was 275-bp. These were used to build a phylogeny.
The list of sequences used as constraint for the 275-bp
sequences is given in Supplementary data S4 and the
alignment used in the phylogeny is in Supplementary

RiIMET et al.: Libraries of diatom barcodes

data S8. No indels and no stop codons appeared in the
275-bp sequences after alignment. The best model selec-
tion was the GTR+G+I model which showed the lowest
AICs. A maximum likelihood constrained phylogeny
with GTR+G+I model and 1000 rapid bootstraps is
given in Fig. 9.

Gomphonema parvulum sensu lato (including G.
parvulum sensu stricto, G. saprophilum (LANGE-BERTALOT
et E. REICHARDT) ABARCA, R. JAHN, J. ZIMMERMANN et
ENKE, G. narodoense, G. lagenula) forms a large group
supported by 61% bootstrap value. Inside this large group
several well supported smaller groups are present: a group
with G. lagenula strains, a group with G. saprophilum
strains, a group with G. parvulum sensu stricto, a group
with G. narodoense. However, the position in the tree
of several sequences (apart from those of 275-bp) is
not well supported.

The 275-bp sequences are present in several
groups. Nine sequences are included in the G. lagenula
group with a bootstrap support of 52%; however, the po-
sition of three 275-bp sequences inside the G. parvulum
sensu lato group is not well supported. Therefore, given
the low support of the position of these sequences, we
decided not to keep these sequences for R-Syst::diatom.

DISCUSSION

1. Is it possible to relate sequences from HTS analy-
ses of biofilms to a target species observed by light
microscopy with high reliability?

Relating sequences to morphological features with
high reliability is not an issue in the case of monoclo-
nal cultures since Sanger sequencing delivers a single
sequence. Such certainty is, however, harder to obtain
when using HTS to sequence biofilm samples collected
from the natural environment.

The simplest example presented here is Epithemia
hirudiniformis, since this was the only species found in
microscopy and the 14 most abundant sequences corre-
sponded to this genus. The 15" most abundant sequence
matched Ulnaria ulna. It was represented by 0.5% of the
sequences in the sample, which explains why U. ulna
was not detected by light microscopy. Such a sample
presenting a very low species diversity is similar to
that described for Didymosphenia geminata in Chilean
rivers (JARAMILLO et al. 2015) and it is consequently
easy to relate the sequences found with high reliability
to the target taxon.

Two other examples, Halamphora ghanensis and
Gomphonema clavatuloides, represent a slightly more
complicated situation as each sample included several
other species. In both samples six different species were
identified using microscopy, while for metabarcoding seven
taxa were detected for the H. ghanensis sample (3 species
and 4 generic assignments where the species could not be
determined) and 22 taxa for the G. clavatuloides sample
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Table 2. Proposed terminology for the naming of sequences from different origins.

# Newly Original material  Morphological Molecular Terminology examples
described data data
1 Yes Authentic! strain of  Unialgal culture Sanger se- Planothidium caputium authentic' strain
the type (epitype, quencing D06 014
holotype)
2 No No Unialgal culture Sanger se- Planothidium frequentissimum strain
quencing DO06_138
3 Yes Yes Environmental HTS Gomphonema clavatuloides authentic!
sample uncultured sample TCC955 inferred via
eDNA
4 No No Environmental HTS Epithemia hirudiniformis uncultured
sample sample TCC955 inferred via eDNA
Halamphora ghanensis uncultured sam-
ple TCC956 inferred via eDNA
5 No No No cloning/Sanger  Planothidium sp. uncultured sample TF-
2014 05DB5_12 inferred via cloning?
6 No No No HTS Genus species uncultured sample inferred

via eDNA?

'term for a type-bearing strain (unialgal culture) or isolate (object isolated from environmental sample) because a nomenclatural type is usually

a preparation, a slide etc.
“sometimes named as clone
*only applicable for 100% match with DNA reference library

(16 species and 6 generic assignments where the species
could not be determined). Retrieving the sequences of H.
ghanensis was possible because it was the only member
of the Catenulaceac MERESCHKOWSKY in this sample and
several reference barcodes of species belonging to this
family are present in R—Syst::diatom. Results of BLAST
and of the phylogeny confirmed that the sequences are
belonging to this family. For Gomphonema clavatuloi-
des, two other species belonging to Gomphonema were
present in the sample (G. bourbonensis E. REICHARDT and
G. parvulum). But here again, identifying the sequences
of G. clavatuloides was possible, even if this species
is new to science, because reference sequences of the
two other Gomphonema species were available in the
reference library and results of BLAST and phylogenies
could confirm their membership.

In the case of G. parvulum (in the Mouala river) it
was much harder to relate sequences to identified target
species. This species complex has been studied for a long
time (e.g. see GEITLER 1972), it is found in rivers world-
wide (e.g. MURAKAMI & KASUYA 1993; S1iLvA—BENAVIDES
1996; NpiriTuU et al. 2006; RiMET 2009), and it shows
significant phenotypic plasticity even in monoclonal
culture (Rose & Cox 2014), which may explain why so
many varieties and forms have been described. More
recent studies integrating morphological and molecular
data have clarified this species complex (KERMARREC
et al. 2013a; ABARcCA et al. 2014). In our case, several
sequences belonging to several separate clades were
present in a single sample and after a careful examina-
tion two different morphodemes could be distinguished,
which may fit the descriptions of G. lagenula and G.

parvulum var. parvulum [morphodeme exilissimum)]. It
was difficult, however, to relate these two morphodemes
to the different clades which were, moreover, not sup-
ported with high bootstrap values in the G. parvulum
phylogeny. The presence of several species belonging
to the G. parvulum species complex in a single sample
has already been observed by KERMARREC et al. (2013).
This example shows the limits of the method we are
proposing. Therefore these sequences were not included
in the reference database R—Syst::diatom.

2. What are the advantages/disadvantages associated
with use of uncultured diatom HTS sequences to
enrich barcode reference libraries?

Unlike macroorganisms such as aquatic insects, where
the DNA barcodes of individuals can be easily Sanger
sequenced from a part of their body (e.g. insect legs in
SWEENEY et al. 2011), diatom cells need to be isolated
and cultured to get their barcodes, which is laborious and
not always successful. Using HTS for natural samples
encompassing several millions of diatom cells and several
species makes it potentially possible to obtain thousands
of barcode sequences in one HTS run.

One advantage of using HTS is shown by the
examples of Epithemia hirudiniformis, Halamphora
ghanensis and Gomphonema clavatuloides reported
here. In each case, from 2 to 10 sequences were kept for
each species in the reference database R—Syst::diatom.
This gives an idea of the intraspecific genetic diversity
of species. Obtaining such information with cultures is
possible and has already been done (e.g. Nitzschia palea
(KUtzING) W. SMmITH studied by RIMET et al. (2014);
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Pseudo—nitzschia pungens (GRUNOW ex CLEVE) HASLE
by CASTELEYN et al. 2010) but requires intensive effort
to isolate clones representing many clades.

The ease with which large numbers of sequences
are generated using HTS is, however, balanced by some
drawbacks. In particular, HTS produces more sequencing
mistakes than classical Sanger sequencing (PAPARINI et
al. 2015) and comparisons of the performances of dif-
ferent HTS technologies show different results. LoMaN
et al. (2012) showed that MiSeq (Illumina) had the low-
est error rates compared to 454 GS Junior (Roche) and
Ion Torrent PGM (Life Technologies), but Ion Torrent
had the highest throughput (80—100 Mb/h, compared
to MiSeq 60 Mb/h and 454 9Mb/h) and 454 GS Junior
gives the longest reads (up to 600 bases, compared to
MiSeq with 150 bases and Ion Torrent PGM 300 bases).
Such differences must be taken into account during data
processing. When integrating sequences from HTS in
reference databases, sequence quality criteria have to be
defined. In this case, we set four criteria:

Criterion 1: only the 15-20 most often sequenced reads
were selected because such sequences are more likely to
be the best representatives of the population and also are
likely to be sequences showing the lowest probabilities
of sequencing mistakes (BRAGG et al. 2013).
Criterion 2: since rbcL is a coding region for a gene, no
indels were accepted when aligning the HTS sequences
with Sanger sequences from R—Syst::diatom. Sanger
sequencing is, until now, considered to be the reference
technology in terms of sequencing quality (e.g. MONTOYA
et al. 2016; KHALIFA et al. 2016). Such problems were
particularly common in the case of Epithemia hirudini-
formis, where many sequences showed deletions, and
were therefore not included in the reference database.
Criterion 3: since rbcL is a coding region, after translat-
ing the nucleotide sequence into proteins, no stop codons
should appear within a coding region. Those containing
stop codons must be discarded. However, this problem
did not occur for the most abundant sequences in our
examples.

Criterion 4: the HTS sequences should show phyloge-
netic neighbours corresponding to the same neighbour
taxa expected from morphological observations.

3. Which material data and metadata must be stored
with these sequences in barcoding libraries to ensure
good traceability?
The fundamental requirement suggested by ZIMMERMANN
et al. (2014a) is that reliable identification of a taxon via
DNA barcodes needs unambiguous agreement between
genotype and phenotype/morphodeme with a valid
binomial. Since this is not possible for HTS generated
sequences, in contrast to sequences generated from
unialgal cultures, we have to adapt and modify the
requirements in order to guarantee a high standard for
depositing these sequences.

In the case of HTS—generated sequences from
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biofilm samples, the material data as well as the linked
metadata have to be deposited in curated collections
(herbaria such as B, BM, G, P, etc. see index of herbaria in
HOLMGREN et al. 1990) and have to be available through
public scientific databases (e.g. R—Syst, AlgaTerra, GGBN,
GBIF, BOLD, INSDC). This includes eDNA material
deposition (e.g. DNA Bank Network / GGBN) and pos-
sible linked voucher material, information concerning
the HTS methodology (e.g. DNA extraction, primers,
PCR, library preparation, HTS chemistry, HTS platform,
paired—end reads or not), details of the bioinformatics
pipeline and the algorithms used (e.g. sequence trimming,
chimera treatment, thresholds for OTU clustering, modus
operandi of species assignment), and availability of the
raw reads. As for reference sequences from unialgal
diatom cultures, ZIMMERMANN et al. (2016) suggest that
metadata should include sampling localities and col-
lectors, basic environmental data, high-resolution LM
pictures, morphometrics, taxonomy and nomenclature,
maps, literature as well as references to databases where
this data is stored.

Even though a 100% unambiguous identification
could not be made in the case of Epithemia hirudinifor-
mis, the requirements for sound documentation are still
applicable for a reference library, but the environmental
origin of the sequence also has to be clearly highlighted.
This also applies to the other examples, but they have
to be treated with great care in order to ensure that
a correlation between the presence of frustules and
sequences is not just a coincidence. It has been shown
in a number of cases that frequency of occurrence of a
species within a sample analysed by light microscopy
does not coincide with the frequency of occurrences of
sequences in an environmental sample (e.g. JAHN et al.
2007). It is therefore essential that data are critically
checked, the details of their creation are transparent and
the pitfalls of the method discussed here are pointed out.
We also recommend that sequences identified using these
approaches are distinguished from those obtained from
unialgal cultures in barcode libraries.

Table 2 suggests terminology to prevent any
confusion when such sequences are used in metabar-
coding studies.

Conclusions: limits of the proposed methodology
and perspectives

The methods and examples given here are clearly related
to a particular application, which is routine assessment
of aquatic ecosystems where species identification
from natural samples is needed. We have shown that
it is possible to enrich a reference barcoding library
at low cost, taking advantage of sequencing data from
routine samples collected for ecological assessment.
Given the HTS technology used (PGM lon Torrent), the
sequence length was 312 bp. Such sequence length has
been shown to be long enough for applied topics such
as the one addressed here: diatom species identification
for ecological assessment (e.g. KERMARREC et al. 2014;
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ZIMMERMANN et al. 2015; Visco et al. 2015). It will be
straightforward to expand such methodology to wider
monitoring networks, if taxonomic experts are available
who can follow the recommendations we propose here.
Given that current reference barcoding libraries (and
R—Syst::diatom in particular) cover only a small part of
the diversity of diatoms in freshwater ecosystems, such
HTS approaches may be essential if the libraries are to
be completed quickly in order to be used for routine
assessments.

On the other hand, one must make no mistake
about the objective of this method. DNA barcodes are
often inappropriate for phylogenetic studies, especially
for defining deep nodes of classification trees (HAJIBABAEI
et al. 2007). For such studies, much longer sequences
are required and indeed, multigene approaches are now
commonly recommended and are providing a much bet-
ter understanding of diatom evolution (e.g. Ruck et al.
2016; THERIOT et al. 2015; NAKkov et al. 2014).

Finally, a possibility emerging from studies accu-
mulating numerous DNA barcodes from particular species
is that it can be a starting point of population genetics
studies or can give indications of genetic diversity at an
infraspecific level (HanBABAEI et al. 2007). Coupled with
ecological, physiological and geographical information,
diatom species boundaries could be re—evaluated, as was
done recently for some green microalgae (DARIENKO
et al. 2015). Diatom species descriptions have until
recently been based only on morphological features.
Only a few studies (e.g. Rovira 2013; TrROBAJO et al.
2013; KEeLry et al. 2015, for the Nitzschia inconspicua
GRUNOW species complex , JAHN et al. 2017 for the
Planothidium lanceolatum group) follow the precepts
of integrative taxonomy which aims to delimit species
on sets of different criteria such as morphology, DNA,
physiology, ecology and biogeography (DAYRAT 2005).
This should prompt reconsideration of the boundaries of
many poorly delimited diatom species and, potentially,
enhance their value for ecological assessment.

In conclusion, the approach described here offers
a pragmatic and universally applicable way to enrich
existing diatom reference barcode libraries with HTS
generated barcodes, especially when the sequences are
as well documented as classical voucher specimens,
no matter which region/gene is used. Nonetheless, we
believe that unialgal diatom cultures should still be the
backbone of reference libraries, because this is still the
method with lowest amount of error.
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