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Abstract
It has been accepted that we know less than 10% of the identified diversity in the marine microbial world and the diatoms

are no exception. Even the species that we think we can easily recognize are often cryptic species, and even less is known

of their life histories and spatial and temporal trends in their abundance and distribution. With new molecular and

analytical techniques, we can advance our knowledge of a species to understand its morphological range, biogeographies

and reproductive isolation. Moreover, some of molecular techniques are very sensitive. Depending on the species-level

question(s) being asked, the molecular tools appropriate to answer them differ greatly.
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1 Current status of the diatom species
concept

One of the most controversial topics in biology is the

recognition of species. Different definitions or concepts of

species exist, such as the morphological, biological, phy-

logenetic and geological species concepts (Manhart and

McCourt 1992; Gosling 1994; Mann 1999). Because of the

differences in these definitions, species concepts can be

very narrow or very broad. Several have been applied to

the diatoms and even to the same group of diatoms.

Because diatoms have an extensive fossil record and a

well-defined morphology, and because extant taxa are

relatively easily cultured, making it possible to study

phenotypic plasticity and perform breeding experiments, it

is sometimes easier to apply one concept over another to

any particular group of diatoms.

The morphological species is the most widely used

concept among all organisms except for prokaryotes. This

is especially true for the diatoms whose intricate cell walls

have been used for centuries to delimit its species (Wil-

liams 2007; Cox 2009). However, this concept as applied

to diatoms is not foolproof because the size usually

diminishes with each cell division and concomitantly as

well as its shape and pattern (Medlin and Fryxell 1984;

Goldman et al. 1990; Hasle et al. 1994), though there are

examples of those diatoms that don’t decrease in size (Rose

and Cox 2013). Morphological changes are especially

noticeable in the pennate diatoms, whereas in centrics they

may be more subtle, e.g., as changes in the number of

processes in 10 mm. Without knowing the full range of

morphological changes, from the initial valves formed after

auxosporulation to the smallest known cell, it can appear

that more than one species is involved and more than once,

at least two different species/genera have been described

from opposite ends of the size range (Klee and Houk 1996;

Rose and Cox 2014; Wetzel et al. 2015). It is also known

that the same species can produce different diatom mor-

phologies according to the seasons or habitat (see refer-

ences in Cox 2014) and it has been suggested that the

taxonomic level of forma should be used to reflect mor-

phologies that change with particular environmental con-

ditions (Cox 2014). The dynamics of cell size reduction

and changes in shapes can be predicted and modeled

(Woodard et al. 2016).

The biological species—separation of species according

to their inability to interbreed—can be the most difficult to

document because in many organisms, especially plants

and unicellular algae, sexual reproduction is unknown. In

the diatoms, we are only just beginning to understand life

histories; the type of sexual reproduction has been most
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commonly used in the diatoms to characterize higher taxa

(e.g., Mizuno 2006, 2008; Kaczmarska and Ehrman 2015;

Medlin 2016a) rather than examine species boundaries.

Nevertheless, studies of ‘model’ genera and species, par-

ticularly Pseudo-nitzschia and Sellaphora, have investi-

gated the degree to which morphological species are able to

hybridize with other, closely related morphological species

(Mann et al. 2004; Amato et al. 2007; Vanormelingen et al.

2013; Kaczmarska and Ehrman 2015).

The phylogenetic species concept uses monophyletic

groupings to define species. These are clusters of indi-

viduals that are diagnosably distinct from other such

clusters and should display a parental pattern of ancestry

and descent (Cracraft 1989; Vanderlaan et al. 2013). An

element of time is also introduced into the species con-

cept by the phylogenetic species concept (Gosling 1994),

because divergences of clades can be calibrated with the

timing of certain events. In the diatoms, with their

extensive fossil record, divergence times can be estimated

with molecular clocks from other divergences that are

known from the fossil record (Medlin 2008; Souffreau

et al. 2011). The phylogenetic species in the diatoms can

be assessed through cladistic analysis of their siliceous

wall components (see Methods in Kitching et al. 1998 and

examples in Kooistra et al. 2010; Edgar et al. 2015;

Pennesi et al. 2016), through geometric morphometric

analyses (Beszteri et al. 2005; Edgar et al. 2015; Urbán-

ková et al. 2016) or through sequence analysis of one or

more genes (Medlin 2016b; Theriot et al. 2015), or

combinations of these methods (see each reference

above). When known taxa arise within other known taxa

making the parent taxa paraphyletic, the taxonomic

decision to split the parent taxon into two separate entries

can be problematic and difficult for many diatomists to

reconcile (see Discussions in Medlin 2014) and this often

results in the loss of well-known taxa (e.g., Hemidiscus

Wallich, Gomez et al. 2017), when the acceptance of

paraphyletic taxa as a natural course of evolution would

eliminate such controversies (Medlin 2014). Pinseel et al.

(2017a) described a new species within the Pinnularia

borealis Ehrenberg complex. Within this complex, eight

distinct lineages were recovered and only one of them

was described as a new species, making P. borealis.

Clearly, the taxonomy of the diatoms has the potential to

become very confused if in one study, paraphyletic taxa

are not accepted and well-known taxa are lost and in

another, paraphyletic taxa are accepted and new taxa are

described.

Although molecular data can enhance any of the other

species concepts, it is most easily incorporated into the

phylogenetic species concept (Vanderlaan et al. 2013). The

coupling of molecular data with more traditional means of

delineating species provides a powerful tool to help in our

assessment of a species. Molecular data can (1) identify

multi-species complexes (cryptic species) and help better

define a species’ limits, (2) provide an objective framework

upon which to interpret the taxonomic level to which

physiological and morphological differences can be

applied, (3) interpret gene flow and dispersal mechanisms

and (4) depict the phylogenetic history of a group and

interpret its biogeographic distribution. The resolution of

the species concept in Skeletonema costatum (sensu lato)

(Greville) Cleve provided one of the earliest applications of

molecular data in providing answers to each of the areas

listed above (Medlin et al. 1991; Sarno et al. 2005; Zingone

et al. 2005; Kooistra et al. 2008). Indeed, Skeletonema

pseudocostatum Medl. (Medlin et al. 1991) was the first

diatom species to be detected first with molecular data, and

then morphological data were associated with its molecular

signal to describe it as a new species.

Although many species may be molecularly distinct,

they may be reproductively isolated (syngens) (see Sel-

laphora auldreekie D.G. Mann & S.M. McDonald—like

strains = Vanormelingen et al. 2013) or may not be (see

the coccolithophorid Emiliania huxleyi (Lohm.) Hay &

Mohl. in Bendif et al. 2014, 2015). Often, conflicts may

occur between phylogenetic/molecular speciation and

morphological speciation (see examples from the coccol-

ithophores in Young et al. 2014). When molecular

sequences and morphology change at the different rates,

this complicates our interpretation of how much morpho-

logical variation constitutes a difference between species.

Often a morphological feature used to separate older

interpretations of species can be found across many

molecular clades (John et al. 2014), making the molecular

data the only feature delineating the species. These so-

called cryptic (sibling) species can be identified with

molecular data (Beszteri et al. 2007; Amato and Montresor

2008; Nanjappa et al. 2014); they may be morphologically

identical; they may or may not be reproductively isolated

but are molecularly divergent from one another (Fig. 1).

However, in Rovira et al. (2015) there were morphological

differences among clones of Nitzschia inconspicua Grun.,

and they found no consistent differences among genotypes

belonging to different clades, which are definable only

through sequence data. Nevertheless, separating the geno-

types could be important for ecological purposes because

two different ecophysiological responses to salinity were

encountered.

This implies that a fitness of form has been achieved for

survival in the environment. This fitness of form, which

results in similar if not identical morphotypes, has analo-

gies at all taxonomic levels (Knowlton 1993; Sournia

1988). Fitness of form also suggests that most groups may

be under-classified at the species level. Molecular data are

just beginning to unravel the extent of cryptic species not
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only in the diatoms but in many other groups, especially

picoplankton, which have very few morphological markers

(e.g., the prasinophyte Ostreococcus species, Subirana

et al. 2013).

The region of the genome to be used in species-level

questions must be carefully selected in order to provide

answers to any questions being about species limitations.

The interpretation of how much molecular divergence

constitutes species-level divergences will depend on the (1)

rate of evolution in the coding (gene) or non-coding

(spacer) region selected for analysis (2) the geological age

of taxa investigated and (3) the subjective perception we

have as taxonomists as to how much morphological vari-

ation exists between species that are clearly separated

molecularly, although the morphological variation can

become more objective if cladistic analyses are applied

(Kooistra et al. 2010; Edgar et al. 2015). At lower taxo-

nomic levels, non-coding spacer regions may be more

appropriate, because these are not under the same func-

tional constraints as those of the coding regions and they

are free to evolve at a faster rate to provide greater reso-

lution among closely related species or even below the

species at the population level.

Such conflicts between morphological and molecular

data in interpreting species limits could be best resolved by

breeding information, which, depending on the group, may

or may not be available. Often the use of multiple genes

can result in a consensus opinion as to how to interpret

species limits from molecular data. Limited resolution

between species with one genomic region may be amplified

if faster evolving regions are used (Vanormelingen et al.

2013). By comparing variation in molecular markers with

species-level markers from other concepts, one can inter-

pret how much variation in molecular markers can be tol-

erated within a species.

DNA/DNA hybridization was a technique used in the

latter part of the twentieth century to decide if two groups

of organisms were the same species but it is rarely used

today. However, values of less than 70% similarity were

generally taken to indicate that separate eukaryotic species

are involved (Huss et al. 1986, 1989; Amann et al. 1992).

With such data to hand, one can compare differences in

coding regions. Species (strains within a species) with 97%

similarity in their DNA are usually separated by more than

4 nucleotides (99.8% similar) when coding regions (e.g.,

rRNA genes) have been compared (Amann et al. 1992;

Huss personal communication). Once rapid sequencing

methods and PCR became available, this technique became

obsolete because for each new species added to the data

set, all hybridizations had to be redone, each requiring 1–2

Fig. 1 Comparison of three species concepts in Pseudo-nitzschia illustrating the resolution of several species using a range of tools and genes

available to diatomists. Pse 1 = P. pseudodelicatissima, Pse2 = P. cuspidata, Pse3 = P. calliantha2, Pse4 = P. calliantha, Pse5 = P.

caciantha, Del1 = P. delicatissima, Del2 = P. delicatissima2, Del3 = P. dolorosa. Redrawn from Amato et al. (2007)
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mgs of DNA. Today, with whole genomes being

sequenced, this comparison can be done in silico to

demonstrate the divergence among genomes (Basu et al.

2017).

The amount of nucleotide substitution in coding regions

among clones known to belong to a species complex or a

group of cryptic species will vary depending on the evo-

lutionary age of the species and the rate of evolution in the

gene/lineage selected. For example, in the coccol-

ithophorids, E. huxleyi cannot be separated from Gephy-

rocapsa using 4 different genes, although the two are

known to have separated ca 150,000 years ago and are

morphologically distinct. Of commonly used species-level

molecular markers, only the tufA gene can separate these

taxa (Medlin et al. 1996) and interbreeding can still occur

between the two (Bendif et al. 2014, 2015).

If slow-evolving coding regions are used, such as the

18S rRNA gene, and more than 4 bp differences are found,

then the possibility of a species complex (cryptic or sibling

species) should be investigated (Medlin et al. 1991, 1994).

If faster evolving coding or non-coding regions are used

(see examples from E. huxleyi below), then it is important

to separate species-level variation from population-level

variation among individuals (Coleman and Mai 1997;

Beszteri et al. 2007; Ruggerior et al. 2015; Balzano et al.

2017). If breeding information is known for a group of

cryptic species, then firmer conclusions can be drawn

between the molecular differences and species limits

(Mann et al. 1999, 2010; Amato et al. 2007; Vanormelin-

gen et al. 2008).

If the reproductive isolation of the cryptic species is too

recent in geological time, then the cryptic species will not

have coexisted long enough to accumulate nucleotide

substitutions in either coding or non-coding regions of the

genome and therefore will have identical molecular

sequence data (Medlin et al. 1996). Some recently evolved

species may have arisen as a result of selection for func-

tional morphological traits but there is no divergence in the

molecular signal. Such recent speciations can probably

only be detected using population-level methods, such as

microsatellites (Rynearson and Armbrust 2005; Evans et al.

2007; Vanormelingen et al. 2007; Rynearson et al. 2009;

Whitaker and Rynearson 2017) and perhaps measurements

of genome size (Vaulot et al. 1994). Please refer to Medlin

and Kooistra (2010) for detailed summaries of population-

level studies in microalgae.

In the absence of breeding data, construction of

molecular secondary structures in rRNA has been used to

help interpret the significance of base substitutions found in

coding or non-coding regions of potential cryptic species

(Fig. 1). Compensatory base changes across an rRNA helix

cannot be interpreted as microheterogeneity within a gene

or even random sequencing or amplification errors and

must be given more weight in interpreting species limits

than base changes in regions of the molecule that do not

form a double helix (see Rappé et al. 1995; Coleman and

Mai 1997; Coleman 2000; Engesmo et al. 2016). With

breeding data, the interpretation of compensatory base

changes as a means of delimiting species using molecular

data is greatly strengthened. In the green microalgae Ch-

lamydomonas and Gonium, compensatory base changes

across helices in the non-coding regions within the ribo-

somal cistron correlate with boundaries between syngens

that cannot hybridize (Coleman and Mai 1997; Coleman

2000). New species of the raphidophyte Heterosigma were

delimited in part by compensatory changes across a helix

(Engesmo et al. 2016).

These molecular data can be used to predict mating

success and define a species’ limits. This method has been

applied in several cases to determine if new species are

involved. Chaetoceros neogracilis S.L.VanLandingham

has identical 18S rRNA genes but can be separated into 4

clades with two other faster markers. Secondary structure

analyses of the ITS regions showed with hemi-compen-

satory base changes across a helix, which suggests that the

four clades cannot interbreed and should be regarded as

separate species, which have recently speciated (Balzano

et al. 2017). Secondary structure analyses to predict species

limits have been used in other diatom studies (Medlin

1997; Behnke et al. 2004).

2 Selected case studies

Most diatom work utilizing type material is based on light

and electron microscopy but in a few instances the type

material or isotype material has been examined molecu-

larly. In the Abarca et al. (2014) study of the highly mor-

phologically variable Gomphonema parvulum (Kütz.)

Kütz., the type species was defined with an epitype culture,

varieties were raised to species level, and new species were

added, all based first on molecular data, which were then

supplemented by morphological data. Isolates identified as

belonging to the P. lanceolatum (Bréb. ex Kütz.) Lange-

Bert./P. frequentissimum (Lange-Bert.) Lange-Bert., spe-

cies complex, were divided into 5 clades, with new species

being described, varieties raised to species, rarely

encountered species being recognized as more widespread.

(Jahn et al. 2017). The value of a sinus versus a cavum was

substantiated and divided the group naturally into two

clades.

Skeletonema costatum (sensu lato) is a classic example

of how one cosmopolitan polymorphic taxon was divided

into five taxa following molecular analyses, each with a

different morphology once the molecular clades were

defined (Sarno et al. 2005). Type material was

L. K. Medlin
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reinvestigated and found to contain two taxa but based on

the original drawings it was possible to establish which

taxon was the type species (Zingone et al. 2005).

Vanormelingen et al. (2008) found Eunotia bilunaris

(Her.) Schaars. populations, belonging to three clades, had

different valve morphologies. The predominant mode of

auxosporulation was heterothallic sexual reproduction;

however, apomixis was also found. Interbreeding between

the clades was possible but most F1 offspring were sterile.

Hybrid sterility had evolved in two sympatric species with

an ITS sequence divergence of 11.5–12.3%.

Pinseel et al. (2017b) investigated Achnanthidium

minutissimum (Kütz.) Czarn. and found 12 lineages using a

three-gene phylogeny. One new species was described, and

they suggested that more molecular data were needed to

solve the taxonomic problems associated with this group,

which would eventually result in a better understanding of

the biogeography and niche differentiation of different

species belonging to the A. minutissimum complex.

More recently, automated species detection based on

coalescence theory using two genes revealed that over 70

lineages (species??) could be recovered in the P. borealis

complex and it was suggested that the true diversity of that

species could be several hundreds of lineages, some cos-

mopolitan, others with a more restricted distribution (Pin-

seel et al. 2017c).

Cyclotella comensis Grun., C. pseudocomensis W.

Schef. and C. costei Druart & Straub were investigated

using 4 genes (Kistenich et al. 2014). They are indistin-

guishable using morphological and DNA sequence data,

which suggest that they are one and the same taxon,

although they had originally been delineate by differences

in their central area. Certainly in Cyclotella meneghiniana

Kütz., nearly identical populations were separated by

geometric morphometrics (Beszteri et al. 2005). Popula-

tion-level markers may shed more light on any obviously

very young species complex.

Evans et al. (2008, 2009), using microsatellites and ITS

sequence data in global isolates of Sellaphora capitata

(Kütz.) Meres., found that the former could recover pop-

ulation structure but the latter could not. Other studies in

diatoms [Eunotia bilunaris (Vanormelingen et al.

2007, 2015), the marine Pseudo-nitzschia pungens (Grun.

ex Cleve) Hasle (Casteleyn et al. 2008) and Ditylum

brightwellii (T.West) Grun. (Rynearson et al. 2009)] using

these same two molecular tools, could recover population

structure. Mating studies indicated that gene flow across

large geographic areas was still possible.

Trobajo et al. (2009, 2010) analyzed Nitzschia palea

(Kütz.) W. Smith with cox 1, LSU, rbcL and recovered at

least four lineages. Intra-specific differences between these

lineages were 0–0.8%, and inter-specific differences were

2.9–3.7%. Cox 1 was the most variable but could not be

amplified from all species, undermining its usefulness as a

gene to separate diatom taxa at the species level. Rimet

et al. (2014) expanded these studies to include more global

isolates and found slight increases in genetic distance with

increasing geographical distance but could not find an

objective criterion to choose a precise molecular threshold

for marking species boundaries. If the cryptic species

groups differed physiologically, then their recognition as a

different species could improve monitoring. Certainly,

Whitaker and Rynearson (2017) found that environmental

and ecological selection likely exerted a stronger influence

than dispersal on the divergence and connectivity of

planktonic populations of Thalassiosira rotula (Meun.).

3 Barcoding

DNA barcoding is a technique that uses a short standardized

DNA region to identify species (Hebert et al. 2003). For this

approach to work, the ‘‘barcoding community’’ needs to

agree on the gene fragment to use so that barcodes from

different species are comparable. A fragment of the mito-

chondrial COI gene (cytochrome oxidase I) is most often

used for DNA barcoding, especially in animals, but it is not

sure yet that this is the best choice for a range of organisms,

including phytoplankton (see review of potential barcodes in

diatoms in Mann et al. 2010 and Moniz and Kaczmarska

2009, 2010). There is no general agreement on which region

to use for protists. Pawlowski et al. (2012) have recom-

mended a two-step barcoding, a first screen with the V4

region of the 18S rDNA and then a second screen with a

variety of other genes (Fig. 2). Other genes, i.e., rbcL, might

give a better resolution and identification in certain groups

but rbcL is only present in photoautotroph organisms. It

might well be in the end, that DNA barcodes have to be

developed using several different genes. Another possible

disadvantage is the short length of the barcoding sequence.

Whereas this is deliberate to make development and analysis

easier, it has the drawback that the information content of the

sequence is limited and itmight not be possible to distinguish

between species based on these short sequences. Sequence

reads are becoming longer as the technology develops

(Table 1). Moniz and Kaczmarska (2009, 2010) found that

5.8S ? ITS-2 provided the best resolution coupled with

PCR amplification success rate and recommended this

region as a diatom barcoding region.

Reference libraries of DNA barcodes are being devel-

oped for animals, plants and fungi. The Protist Working

Group (ProWG), initiated by the Consortium for the Bar-

code of Life (CBOL, http://www.barcodeoflife.org/) has

the tasks of identifying the standard barcode regions for

protists and assembling a reference library. Reference

libraries for diatoms have been established (Zimmermann
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et al. 2014b). According to Hamsher et al. (2011), there is

currently no perfect barcode marker for both pennate and

centric diatom species but see comments by Moniz and

Kaczmarska. Zimmermann et al. (2011) suggested that the

DNA barcoding of diatoms promises great potential to

resolve the problem of inaccurate species identification and

thus facilitate analyses of the biodiversity of environmental

samples and have reviewed the markers and their resolu-

tion, citing advantages and disadvantages of each.

With the barcode markers used in Kistenich et al.

(2014), there was very little sequence variation in 18S V4,

LSU D2/D3, rbcL and cox 1 fragments, indicating that all

strains of Cyclotella comensis (Grun.) studied could belong

to the same species. Piredda et al. (2017) performed HTS

metabarcoding of the V4 region of the 18S rDNA extracted

from a surface sediment sample and simultaneously per-

formed serial dilution cultures and were able to recover

nearly all NGS sequences in their cultures, but as would be

expected more ribotypes (82) were recovered in the

molecular analysis than number of taxa (30) recovered by

culturing. This pilot study also illustrates the resolution

capability of the V4 barcode region in different genera. In

some cases, the V4 region discriminates between species

that are indistinguishable in light microscopy, i.e., Lepto-

cylindrus danicus Cl. and L. hargravesii Nanj. & Zing.

(Nanjappa et al. 2013). In other cases, this marker region

cannot distinguish between morphologically and phyloge-

netically distinct species, e.g., Skeletonema pseudocosta-

tum Medl. and S. tropicum Cl. In particular, these two

species, among others in the genus, differ in other regions

of the 18S or 28S rDNA region, which is used in phylo-

genetic analyses (Sarno et al. 2005), but share the same V4

barcode region (Luddington et al. 2012).

4 Metabarcoding

DNA barcoding can be a powerful tool in taxonomy and in

analyzing biodiversity in environmental samples

(metabarcoding). The high-throughput approach and the

comparability of data will help to address many questions

about cryptic and invasive species and will help to identify

quickly microbial diversity in any given water sample. As

with all methods, the limits of this technique must be

Fig. 2 Two-step protist

barcoding pipeline. Protistan

species, spanning four orders of

cell size magnitude from\ 1 to

10 mm are individually sorted

from the environment,

phenotyped directly or after

culturing, DNA extracted and

barcodes using a two-step,

nested strategy. Reproduced

from Pawlowski et al. (2012),

open access

Table 1 Comparison of

different sequencing platforms

capabilties based on optimal

conditions. Taken from Garrido-

Cardenas et al. 2017)

Platform Read length (bp) Accuracy (%) Run time Bases per run (Gb) Cost/Gb

454 Roche 1000 99 24 h 0.54 $10,000

SOLiD 75 99.9 7 d 520 $10

Illumina 300 99.9 3 d 1800 $10

Ion torrent 400 99 2 h 15 $100

Pacific bioscience 20,000 90 3 h 12,000 $600

Oxford nanopore 10,000 90 2 d 42 $1000

bp base pairs, Gb gigabase pairs, h hours, d days
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assessed not to overestimate what DNA barcodes can really

tell us.

To obtain a semi-quantitative overview of the diversity

of an environmental sample, theoretically the barcodes of

all possible organisms in the biosphere should first be

known. We are unfortunately still very far removed from

achieving that and it is questionable if it will ever be

known, although the Tara ocean program data sets appear

to be recovering a good estimate of the total OTUs at the

genus level in the marine environment (Malviya et al.

2017). It cannot be assumed that the barcode of a single

individual of a species is representative of the species

because different individuals in a population and individ-

uals in different geographic populations may possess

slightly different barcode sequences. The extent of intra-

specific variation is critical and should remain far less than

differences among species.

The application of DNA barcodes for real-time moni-

toring of environmental samples has been achieved only in

a few cases. In the Tara Ocean samples, the barcode used

was the V9 region of the rDNA (Malviya et al. 2017),

which appears to discriminate diatoms best at the genus

level. This region has been used for primarily in bacteria,

which is why it was used for these samples, which covered

the entire marine community. For the diatoms, NGS

sequencing and linking of the OTUs to water quality have

been achieved by Zimmermann et al. (2014a), Kermarrec

et al. (2013, 2014) and Apothéloz-Perret-Gentil et al.

(2017) using the V4 region of the rDNA. Zimmermann

et al. made a direct comparison numbers of taxa derived by

NGS (263) and light microscopy (102) and showed that the

NGS eDNA barcoding approach is qualitatively at least on

the same level as light microscopy, but often provides a

greater taxonomic depth than the classical morphology-

based approach (Fig. 3). Problem taxa, such as Nitzschia,

were easily identified, whereas NGS revealed more taxa

than LM. Ruggerior et al. (2015) used DNA barcoding

from clone libraries to trace the distribution of cryptic and

toxigenic Pseudo-nitzschia species and the diversity of this

key diatom genus in the natural environment.

Apothéloz-Perret-Gentil et al. (2017) attempted a taxo-

nomic free approach to calculate a molecular index from

Fig. 3 Heat map and numbers of taxa detected in the specific genera for NGS and LM methods at the sampling sites long the German/Polish

border. Color code ranges from light to darker shades for the number of taxa at each site. Reproduced from Zimmermann et al. (2014b), with

permission. (Color figure online)
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the NGS data without any reference to species identifica-

tion. The index provided an accurate assessment of 72% of

the sites examined because all of the OTUs could used to

calculate the index. Microscopic counts were made at the

same time and from the species present, the ecological

status of the sampling site was established to provide the

calibration of the molecular index. Because of the limited

sequence data in public databases, only, 35% of the OTUs

received a taxonomic assignment. The calibration step is

the limiting factor, but once achieved, then the taxon-free

index could be used in routine monitoring (Fig. 4). How-

ever, obtaining cultures of each OUT is a daunting task to

achieve calibration. One of the limiting factors that these

workers noted was the lack of resolution in the V4 region

of the 18S rDNA for critical species, such as those in

Navicula that are needed for correct water quality assess-

ment. They recommended using additional markers to

improve resolution in these problem areas. Thus their ini-

tial work should likely be regarded cautiously.

A very different approach was used in the EU lAQUA
project, in which a microarray was made for the detection

of freshwater pathogens and diatoms as indicators of water

quality. For this application, the barcodes are immobilized

on a glass slides (the microarray or so-called phylochip).

To tal rRNA was extracted from the environmental sam-

ples, fluorescently labeled and hybridized to the microar-

ray. This is a PCR-free method that is semi-quantitative in

that the intensity of the hybridization signal is proportional

to the abundance of the target organisms for that particular

sample, as based on calibration curves for selected taxa. In

this project, cultures of indicator diatom species critical for

determining water quality were assembled from known

literature based primarily on an index used in Italy for

diatoms. A barcode was designed for each species on the

list from their 18S rRNA gene and spotted onto the slides.

The microarray was field-tested in 5 countries and in

Table 2 are the results for the diatoms from two locations:

the Mondony River, Station Amelie and Canet Lagoon in

SE France. Canet Lagoon experienced a poorer water

quality than Mondony River over the two-year sampling

period, as estimated from the species detected by the

phylochip.

Despite the fact that multiple data sets are emerging (V4

and V9 of the rDNA gene, rbcL), barcoding provides a

powerful tool for obtaining semi-quantitative data on the

species composition of large numbers of environmental

samples in a rapid and cost-effective way. DNA can be

extracted, the barcode marker of interest PCR-amplified

and the obtained plethora of gene copies sequenced by

means of modern massive sequencing technologies. The

resulting sequence reads are characterized taxonomically

by automated means: samples in, semi-quantitative list of

species out, which can take up to 3 months to produce the

results because of all of the controls. The phylochip, which

uses total rRNA as its target, is enzyme free and less prone

to natural inhibition and gives immediate results, however,

only of known sequence/species. One attractive alternative

to this limitation of the phylochip is to use NGS sequences,

once they are annotated and potentially identified, respot-

ted in a microarray format, so that information on these

Fig. 4 Percentage of the NGS data used by the taxonomic assignment by known OTUs (dark gray) and the molecular index from all OTUs (light

gray) method for each site. The OTUs bars are positioned at the top and the bottom of the graph, whereas the colored dots represent the

ecological status as determined by light microscopy and cell counts (DI-CH), as inferred from the total OTUs (DI-MOLTAXFREE) or the

identifiable OTUs (DI-MOLASSIGN). Blue, green, yellow, orange and red dots represent increasing poor water quality, with blue being very

good and red very bad. Taken from Apothéloz-Perret-Gentil et al. (2017) with permission. (Color figure online)
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OTUs is more or less immediate, thus eliminating long turn

around time for analysis of NGS sequence data.

Garrido-Cardenas et al. (2017) has reviewed the differ-

ent platforms for NGS and the advantages and disadvan-

tages of each. It can predicted that new technologies will

continue to reduce the cost of each, while extending the

amount of data generated with increasing confidence

(Table 1).

Metabarcoding data will be best used to demonstrate

changes in the total community over time. With climate

change, more pronounced changes in temperature, pale-

oecological data sets allow conclusions regarding temper-

ature effects on ecosystem function and biodiversity over

evolutionary time scales (Hillebrand et al. 2010). It is

predicted that species compositions will change more

dramatically with increased temperatures over ecologically

relevant time scales. Lohbeck et al. (2012) showed that E.

huxleyi could adapt and mutate in response to increasing

carbon dioxide concentrations in fewer than 2 years, or

over ecologically relevant time scales. In contrast, in the

Tara Ocean analysis of the total community, it appears that

species associations, i.e., who you are associated with,

were more important for the distribution of the diatoms

than association by abiotic factors, which had a greater

affect on the association of other protists (Malviya et al.

2017).

5 Concluding remarks and perspectives

From the above examples, it can be concluded that

molecular sequences can be used at the species level in the

diatoms and above. Polymorphisms in coding or non-cod-

ing regions usually indicate either a species complex or

population-level variation that can be associated with

biogeographic distribution of the species. Biogeographic

clusters may be termed varieties or even ecotypes of a

species. More information regarding species delineation

and population-level variation can be gathered when data

from other species-level measurements are also included.

Given that sufficient care, such as sampling of inter-pop-

ulation variation, direct sequencing of PCR products,

pooling of multiple clones for sequencing, construction of

secondary structures, is used to produce sequence data free

of methodological error for species-level enquiries, then

these data can be reliably used to delineate species. The

Table 2 Summary of diatom signals from the lAQUA phylochip and an interpretation of the water quality at the sampling date, using an Italian

scale and a French one associated with the taxon on the phylochip

Date Diatoms in order of decreasing intensity of signal

I is worst

Water quality Italy Water quality France

7 is worst

Mondony River

Jun 2011 Order Surirellales ?III C2–C4

Jul 2011 Order Surirellales ?III C2–C4

Sept 2011 Order Surirellales, Surirella angusta Kütz. ?III, III C2–C4, C3–C4

Oct 2011 Order Surirellales, Surirella angusta ?III C2–C4, C3–C4

Dec 2011 Order Surirellales (very low) ?III C2–C4

Mar 2012 Order Surirellales, Navicula veneta Kütz ?III C2–C4, C2

Apr 2012 Order Surirellales ?III C2–C4

May 2012 Order Surirellales ?III C2–C4

Canet Lagoon

July 2011 Achnanthidium minutissima, Surirella angusta, Nitzschia

palea, Amphora coffeaeformis (C. Ag.) Kütz.**

I–II, III, IV, **Toxin producer C5, C3–C4, C1, C2

Aug 2011 Achnanthidium minutissima, Navicula veneta I–II, IV–V C5, C2

Sept 2011 Achnanthidium minutissima, Surirella angusta, Navicula

veneta

I–II, III, IV–V C5, C3–C4, C2

Oct 2011 Achanthidium minutissima, Surirella angusta I–II, III C5, C3–C4,

Nov 2011 Genus Surirella Turp. ?III C2–C4

Dec 2011 Surirella angusta III C3–C4

Mar 2012 Genus Surirella, Amphora coffeaeformis** ?III, ** toxin producer C2–C4, C2

Apr 2012 Achnanthidium minutissima, Surirella angusta, Navicula

veneta

I–II, III, IV–V C5, C3–C4, C2

May 2012 Order Surirellales, Achnanthidium minutissima ?III, I–II C2–C4, C5

? is added for probes above the species level

Species/taxa are listed in order of decreasing signal intensity
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combination of several species-level methods (both

molecular and traditional) is recommended to resolve the

issue of a species limit. The V4 region is often omitted

from phylogenetic analyses even those where taxonomic

decisions are made, e.g., Gomez et al. (2017), so it seems

counterintuitive to recommend this as a barcoding region

but eliminate from phylogenetic analyses using full-length

18S sequences. With molecular data finding its way into

many traditional diatomist’s bag of tools, it is ever more

important to keep accurate records and voucher material.

For the molecular age, this would include the DNA, a slide

made of the culture harvested for molecular analysis as

well as dried material. My DNA collection has been

donated to the Botanischer Garten und Botanisches

Museum Berlin-Dahlem, Freie Universität Berlin, Berlin,

Germany, and aliquots can be obtained from them. When

DNA becomes low, it is possible to perform a whole

genome amplification to boost the limited supply (Medlin

et al. 2008).
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