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Abstract — Diatoms are the largest group of microalgae, play an enormous role in the
biosphere, and have major significance as bioindicators. Traditional identification requires
inter alia long training, considerable microscopical skill, and use of a vast and scattered
literature. During the life cycle, diatom cells change in size and pattern, often also shape, but
the full cycle is known in <1% of described species. Recent evidence shows that there are
many pseudocryptic and cryptic species of diatoms, requiring molecular methods for
discovery and recognition. These and other factors argue that DNA barcoding would be
highly beneficial. It could be ‘strong’, resolving nearly all species, or ‘weak’, resolving mostly
species already recognized from light microscopy. Attempts have already been made to
identify suitable genes and we evaluate these on the basis of universality and practicality,
and ability to discriminate between species in the very few ‘model’ systems offering likely
examples of sister-species-pairs. No candidate marker is ideal but LSU rDNA and rbcL may
be acceptable, though their discriminatory power is lower than that of some other markers.
We discuss the next steps in developing a full barcode system.
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Résumé — Les diatomées représentent le plus grand groupe d’algues unicellulaires, jouent
un role fondamental dans la biosphere, et sont importantes en tant qu’indicateurs
biologiques. L'identification sur des bases morphologique exige entre autres un long
entrainement, des compétences considérables en microscopie, et I’accés a une vaste
littérature publiée pour l’essentiel sous forme d’articles. Durant leur cycle de vie, les
cellules de diatomées modifient leur taille et leurs motifs, souvent aussi leur forme, mais le
cycle complet n’est connu que pour moins de 1 % des especes décrites. De récentes études
ont démontré I'existence d'especes pseudocryptiques et cryptiques parmi les diatomées,
nécessitant des méthodes moléculaires pour leur découverte et reconnaissance. Ces facteurs
entre autres soutiennent le développement d’un systéme de taxinomie moléculaire tel que
le code barre ADN. Ceci pourrait étre un barcoding « puissant », pouvant résoudre presque
toutes les especes, ou « faible », ne pouvant résoudre que des especes déja reconnues en
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microscopie optique. Plusieurs essais d’identification de génes convenables sont achevées et
nous évaluons I'universalité, la facilité d’emploi et le pouvoir discriminatif interspécifique
de ces geénes sur les quelques especes modeles offrant des paires d'espéces-sceurs probables.
A cet instant, aucun marqueur génétique n’est prouvé idéal, mais le LSU rDNA et le rbcL
peuvent étre acceptables, bien que leurs capacités discriminatoires soient plus faibles que
ceux de quelques autres marqueurs. Nous discutons les prochaines étapes pour développer
un systeme complet de code-barres.

COI / code-barres /diatomées / code-barres ADN / identification / ITS 2 ADN / systéma-
tique moléculaire / rbcL / LSU rADN / découverte d’especes / taxonomie

INTRODUCTION

In angiosperms, vertebrates and the larger invertebrates, species-level
taxonomy is fairly stable. This happy state of affairs is demonstrated, for example,
by the continued usefulness of many floras, monographs and field guides decades
after they were produced, even if the names of some genera have had to be
changed to conform with the rules of nomenclature. Stability has been achieved
because of many years of work by taxonomists, but also because of the abundance
of genetically based variation that can be used for comparisons, requiring no
special equipment beyond a hand lens. However, identification can still be
problematic, e.g. because species differences are subtle or difficult to describe, or
because specimens lack the particular structures required for identification. For
example, diagnostic keys for angiosperms usually depend on characteristics of
the flowers or fruits, which are rarely available throughout the year, and only a
few experts may be able to identify species from vegetative material. The
development of cheap, fast methods of sequencing DNA has provided a new
approach to identification, ‘DNA barcoding’, in which short sections of one or a
few genes or spacer regions from nuclear or organelle genomes are used to
identify species. Since the identifiers are parts of the genome itself, rather than the
phenotype, they are available all the time and from every part and life-cycle stage
of an organism.

The diatoms are an enormous group, probably containing c. 200,000
species (Mann & Droop, 1996). They are also highly significant ecologically,
contributing c. 20% of net global primary production (Mann, 1999). The
classification and identification of diatoms is therefore neither a trivial task nor an
unimportant one. Traditionally, diatom taxonomy has depended on microscopical
features of the cell wall and a huge amount of work has been done to document
diversity and relationships within the group. As a result, species-level taxonomy
has become sufficiently good to support extensive and successful use of diatoms
in biomonitoring and environmental change research (Smol & Stoermer, 2010).
However, the taxonomy is not stable, most species have not yet been described
and, even after training and long experience, diatomists often find it difficult to
agree about identifications. Consequently, DNA barcoding deserves careful
consideration as a means of improving the reliability of identifications and
discovering species, and also (though coincidentally) increasing the quality and
quantity of other taxonomic information, including morphology.

In principle, the application of DNA barcoding to diatoms is no different
from its application to higher plants or animals or macroalgae. The aim is the
same: to provide unambiguous identification whatever the phenotype of the
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specimen, using one or more short stretches of coding or noncoding DNA.
However, the special characteristics of diatoms and diatom taxonomy make
barcoding both particularly advantageous and challenging in these organisms. We
will review the theoretical pros and cons of barcoding in diatoms, before
discussing the practicalities of developing a full barcode system.

THE ADVANTAGES OF BARCODING DIATOMS

Reducing costs and ambiguities

To evaluate the potential of DNA barcoding in diatoms, we must first
examine how diatoms have previously been classified and identified. Except in
some early 19" century works, in which colony morphology was used as a
taxonomic character (as in species of ‘Homoeocladia’ and ‘Schizonema’, e.g.
Kiitzing, 1844), diatom species have generally been described on the basis of the
morphology of their frustules (the silicified part of the cell wall composed of two
valves and a number of thinner girdle bands). To study frustules in detail,
diatomists usually clean away the cell contents (with acids or strong oxidizing
agents) and mount material in a suitable resin that provides good contrast with the
glassy silica of the valves and girdle bands. Correct identification can depend on
very subtle differences, such as whether the density of striation on the valves is
25 or 30 in 10 pm, tiny inflexions of the valve outline, or the occurrence and
distribution of special pores or spines. To assess such characteristics and
determine species accurately requires initial training in the basics of diatom
biology and biodiversity, a high quality light microscope handled expertly, good
powers of observation, access to scanning electron microscopy to check light
microscope detail and examine structures beyond the resolution of the light
microscope, an extensive library (because descriptions of species are scattered
across many journals and books, some old and rare), and the advice of colleagues
(because probably no diatomist since the 19th century, even Friedrich Hustedt, has
had a comprehensive knowledge of all genera).

This is a formidable list of requirements and it is difficult and expensive
to supply them all. Some aspects, such as the availability of literature and the ease
of communication, have become lesser constraints on diatom research than they
used to be. However, the cost of training biologists to identify diatoms (generally
requiring masters’ — or doctoral-level qualifications) and the capital costs of good
quality microscopes (which may exceed US $50,000) are high, and specialists
cannot identify more than a few hundred specimens per day unless material is
very clean and species-poor. Preparation of cleaned material for study also
represents a significant expenditure in technician time. Not surprisingly, therefore,
considerable efforts have already been made to develop identification systems
that have less need for human intervention, and proof of concept was achieved for
several morphology-based systems, reviewed by Mann et al. (2006), involving
optical diffraction or automated feature extraction. However, no working system
has been developed.

Furthermore, even after training and long experience, diatom experts
frequently disagree about identifications, because (1) there are different available
classifications, or (2) the taxonomic descriptions or the specimens themselves
can be interpreted differently, or (3) the specimens being examined lack the
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characteristics required for diagnosis. Thus, in relation to (1) some taxonomists
are splitters, while others are lumpers, e.g. contrast the treatments of Amphora by
Levkov (2009) and Krammer & Lange-Bertalot (1986-91). Also, the flora now in
general use for identifying freshwater diatoms (Krammer & Lange-Bertalot,
1986-91) differs considerably from those (e.g. Hustedt, 1930: Patrick & Reimer,
1966, 1975) used to train a previous generation of diatomists. As an illustration of
(2), it is sometimes difficult to decide in Nitzschia whether or not the central
fibulae are more widely spaced or not, which is a critical character for correct
identification according to modern taxonomy, e.g. Krammer & Lange-Bertalot
(1986-91). An example of (3) is that, as diatoms become smaller during the life
cycle, the shape and structure of their valves often become simpler and may
converge with the morphology of other species (e.g. Hustedt, 1937). Several
examples have been documented in which cultured diatoms become extremely
small and lose the normal morphology of the species (e.g. Round, 1993). Hence,
identification may become impossible unless the small valves can be plausibly
linked to larger valves in the same sample or culture that do possess the features
characteristic of the species. Furthermore, the full ranges of size and shape are
known for very few diatom species because the whole of the life cycle has not
been observed, so that valves are often found that in most respects correspond to
the species description, but are smaller or larger than those previously recorded
leading to uncertainty in identification. Gathering information about the total
variation occurring during the whole life cycle is tedious, because of the length of
the cycle in nature and laboratory culture, and complications of the mating system
(Mann, 1988; Chepurnov et al., 2004). And there may be undetected polymor-
phism, involving gradual or abrupt changes in morphology.

DNA barcoding could offer a solution to many of the difficulties of
identifying diatoms. It would not in itself solve taxonomic disputes (point 1
above), although like any source of data about genotypic differentiation, barcodes
would provide additional evidence about whether or not speciation has occurred
(de Queiroz, 2007). However, in other respects barcoding would offer major
advantages relative to microscope-based identification. For example, diatoms
could be identified from material at any stage of the life cycle, including stages
never encountered before, because barcoding directly characterizes the genome.
Polymorphisms (such as in Phaeodactylum) and the formation of modified resting
stages (as in many centric and a few pennate diatoms), and cells whose phenotype
has been altered by environmental conditions, would also pose no problem.
Communicating about sequences and their variation would be unproblematic,
compared to the description and illustration of morphological variation. The
resulting standardization of taxonomy and identification would greatly facilitate
the combination and integration of datasets in community ecology and
biogeography. Furthermore, because of the drive to sequence genomes for
medical research, sequencing is inexpensive and likely to become even more so,
and new protocols and bioinformatic methods have been developed to allow
characterization of mixtures of genomes or genome fragments extracted from
natural material (environmental DNA samples). Hence there is great potential for
eventual replacement of many of the laborious microscopical counts made during
ecological and applied research on contemporary diatom communities.
Furthermore, if a barcode system were established for diatoms, in which barcode
sequences were linked to correctly named specimens, material could be accurately
identified by anyone with a basic training in DNA technology — someone who
might not know what a diatom looks like.
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Cataloguing, taxonomic revision and benefits for microscope-based identification

Since they represent new information about the genotypes of organisms,
barcodes will directly aid taxonomic revision, supplementing the morphological
data already available. Arguably more important, however, are the new collec-
tions that the development of barcoding will require and produce. In order to pro-
duce the reference barcodes, many new samples will have to be collected and
clonal cultures isolated from them (which could be used for many purposes
besides barcoding). The cultures will then need to be vouchered via slides,
unmounted material and SEM stubs, documented via images, morphometrics and
descriptions, and their DNA extracted and preserved. Barcoding will therefore
create, as a by-product, enormous new resources for diatom systematics and
microscope-based identification of diatoms. Information about these resources
will be freely and easily accessible via the Barcode of Life Data Systems website
(e.g. choose Heterokontophyta at http://www.boldsystems.org/views/taxbrowser_
root.php) and linked sites giving further morphological detail, as well as taxo-
nomic and ecological data. Hence barcoding will bring huge benefits even for
disciplines that cannot directly employ barcodes for identification, such as palae-
oecology or stratigraphy.

Barcodes also have great potential for stabilizing the nomenclature of
extant diatoms. At present, the types of diatoms are physical specimens, which are
almost always cleaned of all organic material (including DNA) and mounted in
resin. They are held in many different herbaria, some without adequate micro-
scope facilities, some unwilling or unable to lend specimens: poor access to type
material is a major source of instability and confusion in diatom taxonomy.
Furthermore, the fact that most types can only be examined by light microscopy
because they are permanently mounted in resin on slides, means that they often
do not provide enough information to control the use of the name they define.
Even where unmounted material is available for examination with SEM, it can
sometimes be impossible to be sure how a name should be applied (e.g. Trobajo
et al., submitted). Introduction of barcoding will not immediately solve these
problems, but once barcodes have been linked to type specimens and made
effective nomenclaturally (e.g. by the expedient of designating an epitype whose
barcode is known: Jahn et al., 2008; Evans & Mann, 2009), the need to refer to
physical type specimens will be greatly reduced. A barcode sequence — essen-
tially a molecular type — is unambiguous and can be communicated easily, unlike
the morphology of a physical specimen.

Species discovery

DNA barcoding was initially developed for groups of organisms, such as
birds (e.g. Hebert et al., 2004) and fish (e.g. Ward et al., 2005) where the alpha
taxonomy (the initial recognition, description and naming of species, principally
using morphological data) is already more or less complete. In such organisms, and
in some others where barcoding has lagged behind because of methodological
problems (e.g. angiosperms), the purpose of barcoding is clearly (and almost
solely) identification. In diatoms, on the other hand, there is still a huge amount of
alpha taxonomy to be done. Many regions, especially in the tropics, have not been
explored, and the benthic diatoms of the marine sublittoral are almost unknown.

Thus, even if we had a database of barcodes representing all the diatom
species described so far, many barcode sequences obtained from natural popu-
lations or cultures would correspond to nothing in the database. Some might be
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very similar to the barcode for a known species and could represent hitherto
unrecognized intraspecific variation. Many others would represent undescribed
species, requiring further characterization, description, and allocation to the
appropriate supraspecific category (section, genus, family, etc). For this, it is desi-
rable that the barcode can be used not only for identification, its primary purpose,
but also for a very preliminary phylogenetic analysis. For this, it should be easily
aligned and contain relatively conserved sites or regions (giving higher-level infor-
mation), as well as rapidly evolving parts (for the barcoding itself).

A valid criticism of species discovery through barcodes (or other single
molecular markers) is that it assumes that, below some threshold level of
divergence, speciation has not occurred. This is unjustified because molecular
divergence is not causally linked to speciation. Neutral genetic differences
between sister species accumulate with time in a more or less clock-like manner
but there may be a long delay after speciation has occurred before sister species
become reciprocally monophyletic with respect to a barcode marker (see e.g. de
Queiroz, 2007). The faster the barcode marker evolves, the less likely it is that
recently evolved species will go unnoticed. Moniz & Kaczmarska (2010) suggested
that ITS-2 rDNA is intrinsically superior to other candidate barcode regions,
because of an apparent relationship between the presence of compensatory base
changes (CBCs) in the helices of the molecule and reproductive isolation.
However, even if the two are correlated, this is only a refinement of the idea of a
molecular threshold for detecting species, because again there is no causal
relationship between compensatory base-change and speciation. When a CBC is
present, speciation has most likely occurred (e.g. Coleman, 2007) but the absence
of CBCs doesn’t imply the absence of speciation.

Despite these caveats, the extent to which a newly determined barcode
diverges from the barcodes of all known species, or the discovery of a new
barcode clade, is a useful first indication of the existence of undescribed species,
which can then be confirmed using other data. For example, Vanormelingen et al.
(unpublished data) investigated Australian and European Sellaphora using the
COI barcode developed by Evans et al. (2007) and discovered several new COI
clades among clones initially identified from morphology as S. auldreekie D.G.
Mann & S.M. McDonald. On further examination, using other markers of
speciation (i.e. applying the multidisciplinary approach to species discovery
advocated e.g. by de Queiroz, 2007 and Mann, 1999), the COI clades were shown
to correspond to reproductively isolated species, some of which could also be
separated by very subtle differences in valve shape and striation.

There is mounting evidence that many diatom ‘species’ are like S. aul-
dreekie sensu lato, containing cryptic, semicryptic or pseudocryptic species (semi-
cryptic species-pairs are species whose ranges of morphological variation partially
overlap so that only a proportion of individual cells can be identified; in pseudo-
cryptic species, all individuals can be told apart morphologically, but only with
great difficulty). The existence of cryptic and semicryptic species in protists was
originally detected by the observation that sets of morphologically very similar or
identical populations were reproductively isolated from each other, e.g. in Para-
mecium and Pandorina (Sonneborn, 1975; Coleman, 1959). However, testing
compatibility with known ‘test strains’ is impractical for routine identification and
this was the principal reason why Sonneborn did not initially give formal taxo-
nomic recognition to the ‘syngens’ he discovered in Paramecium. The first known
cases of cryptic and pseudocryptic diatom species have been reviewed by Mann
(1999) and Mann & Evans (2007), while more recent examples include Evans et al.
(2007, 2008), Vanormelingen et al. (2008b), Mann et al. (2008), Quijano-Scheggia
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et al. (2009), Vanelslander er al. (2009), Trobajo et al. (2009 and in press),
Poulic¢kova et al. (2010) and Sorhannus et al. (2010). The only practical way to dis-
cover and identify cryptic and semicryptic species is through molecular methods.

Pseudocryptic species, on the other hand, can by definition be detected
and characterized morphologically, without recourse to molecular methods or
mating experiments. However, the work necessary (application of morphometric
and statistical methods of various kinds, or LM and SEM studies of many individ-
uals from different populations) is enormous and experience suggests that
pseudocryptic species are often unrecognized during microscopical examination,
remaining confused with each other within an undifferentiated nominal species
until information from other sources shows that taxonomic reinterpretation is nec-
essary. For example, differentiation of ‘varieties’ within Cocconeis placentula
Ehrenb. was aided by information about the mating system and reproductive
isolation (Geitler, 1982: see Mann, 1999, p. 462) and reinterpretation of Sellaphora
pupula (Kiitz.) Mereschk. as a complex of many pseudocryptic species, rather
than a single highly variable species, was prompted by observations of mating bar-
riers between sympatric populations (Mann, 1984), with later confirmations from
molecular data (e.g. Evans et al, 2007, 2008). It is highly unlikely that the
pseudocryptic species here, or in Skeletonema (Sarno et al. 2005) or Pseudo-
nitzschia (e.g. Amato et al., 2007), would have been discovered so readily if mor-
phological data alone had been available. DNA barcoding therefore represents an
unequalled opportunity to discover the full extent of species-level biodiversity in
diatoms, rather than the fraction that can be detected microscopically.

New possibilities for studying diatom biogeography and the ecology
of living diatoms

Because of the need to observe the fine detail of frustule ornamentation
and structure for accurate identification, diatoms are usually dead when they are
identified and in many cases it is not clear whether they were killed by the
cleaning itself or were already dead when sampled. Thus it is often difficult to
determine whether particular individuals were contemporary, living alongside
each other in nature, or had allochthonous or allochronic origins. The true
composition of communities may therefore be unclear and the ecological
requirements of individual species masked (cf. Round, 1971, p. 102).

At first sight, the solution seems simple: identify diatoms while they are
still alive. However, using microscopical methods, this is difficult, for the following
reasons. Firstly, the difference in refractive index between water (RI = c. 1.3:
International Association for the Properties of Water and Steam, 1997) and
diatom silica (RI = 1.43: Lewin, 1962) is much less than between diatom silica and
mountants such as Naphrax (RI = c. 1.7: Fleming, 1954), so that frustule details
are more difficult to see in living material. Secondly, the chloroplasts and other
cell contents obscure cell wall patterning, although improvements in detection can
sometimes be made by using interference contrast optics (with a short effective
depth of focus) and applying high-pass filters to digital images (an example is
given at http://rbg-web2.rbge.org.uk/algae/sellaphora/sellaphora_valve_formation.
html). Thirdly, although chloroplast morphology provides additional diagnostic
information (and should therefore be recorded during barcoding programmes),
this gain does not outweigh the loss of frustule detail, because chloroplast
morphology varies little within most genera and scarcely at all among centric
diatoms (most of which contain many small, undistinctive chloroplasts). Thus, if
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based on living diatoms, microscopical identification will always be less certain
than when using cleaned frustules. Furthermore, there are currently no
identification guides for living diatoms, apart from the ground-breaking key
produced by Cox (1996), which covers the most common freshwater diatoms.

An extra advantage of DNA barcodes over microscopical identification,
therefore, could be to provide information on the composition of living diatom
communities, especially where it is difficult or impossible to separate live cells
physically from dead cells or from their environment. Characterization of a
community might be only qualitative, in the form of a list of species present, but
could also be quantitative. For example Créach et al. (2006) used quantitative
PCR to examine temporal and spatial patterns of abundance in Navicula phyllepta
Kiitz. The community studied — estuarine epipelon — is especially difficult to
study directly because the sediment particles are not dissimilar to diatoms in size,
and all methods for separating epipelic diatoms from the sediment (e.g. Eaton &
Moss, 1966) are inefficient. Créach et al. made indirect estimates of the abundance
of living N. phyllepta by determining the relative abundance of N. phyllepta from
counts of cleaned diatoms and then using the mean chlorophyll a content per cell
of N. phyllepta to apportion the total chlorophyll a content per square metre. The
results showed good agreement between indirect microscope-based counts and
PCR estimates, but the PCR estimates had the advantage of speed and in addition
could differentiate unambiguously and easily between two pseudocryptic species
within the N. phyllepta complex, which have subsequently been shown to differ in
their physiologies and ecological requirements (Vanelslander et al, 2009).
Barcodes could be used to design specific probes for the detection of species that
have useful properties (e.g. that they indicate particular environmental
conditions) or undesirable characteristics (e.g. production of domoic acid) (e.g.
Diercks et al., 2008). So far, however, ‘molecular ecology’ of diatoms has not been
undertaken using explicitly designated barcodes and the gene regions used
(Créach et al. used ITS1 and Diercks et al. mostly SSU rDNA) are, in our opinion,
suboptimal for general species barcoding in diatoms, though they may be highly
effective in particular cases.

The examples given above show how barcodes might be used for
autecological studies and the detection of individual species that are important in
some special way, e.g. as bioindicators or producers of toxins. In addition, whole
communities could be characterized via ‘environmental DNA’ (metagenomic)
analyses, in which the identities of organisms would be determined from the
barcodes. Next-generation sequencing of whole-community SSU and ITS rDNA
has already been used to demonstrate seasonal turn-over in fungal and protist
communities (Jumpponen et al., 2010; Medinger et al., 2010; Nolte et al., 2010),
and to fully sample a lake’s protist community diversity (Nolte et al., 2010). It
should be noted however that serious drawbacks for identification and
quantification exist, including PCR biases, sequencing errors, a restricted
sequence fragment size, and incomplete reference databases (Kunin et al., 2010;
Tedersoo et al., 2010). In parallel, functional aspects of the community could be
monitored via genes involved in specific activities such as photosynthesis, nitrogen
fixation, etc (e.g. Wu et al., 2001). However, the use of barcodes in ecology is not
a magic solution to the problems of distinguishing living from dead, allochthonous
from autochthonous, or synchronous from asynchronous. Short DNA sequences
derived either from dead organisms or from the excretions and secretions of living
ones, may persist in the environment for long periods. For higher animals, this
offers the advantage that sites can be surveyed for the presence of species when
the small numbers of individuals present would make detection very difficult by
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normal survey methods (Ficetola et al., 2008). Persistence of degrading DNA
could also be an advantage for biogeographical studies of diatoms, because
species abundance can vary greatly between seasons and it may be more effective
to search for molecular traces of a species’ presence than to look for visible
remains. However, biogeographical studies require not only that we establish the
presence of species in an area but also that we show their absence elsewhere.
Finlay et al. (2002) argued that proving absence by microscopical examination is
impossible for diatoms and the same argument applies (though with slightly less
force) to molecular surveys, unless there are inherent limits to rarity, e.g. through
a requirement for opposite sexes to be sufficiently common to mate and generate
offspring. When there is a need to be sure that molecular methods are detecting
living cells, rather the degrading DNA from dead ones, special techniques can be
applied such as those discussed by Fittipaldi et al. (in press).

Use of DNA barcodes could also allow new examination of the dispersal
of diatoms and the role of humans in altering distributions. It appears that many
diatoms must move around rapidly without human aid, relative to the rate of
change in niche requirements, because otherwise diatom biomonitoring and
palaeoecology would not work so well (e.g. Bennett et al,, 2010). On the other
hand, statistical analyses of large geographical datasets suggest that dispersal is
indeed a constraint on the distribution of diatoms (Telford et al., 2006; Vyverman
et al., 2007; Verleyen et al., 2009), as do population genetic data (Evans et al., 2009;
Casteleyn et al., 2010). Furthermore, circumstantial evidence, such as the apparent
lack of Asterionella in pre-European lake sediments in New Zealand (Harper,
1994) and perhaps other recent floristic changes (see Vanormelingen et al., 2008a;
Spaulding & Elwell, 2007), suggests that humans may have accidentally extended
the ranges of some diatom species by overcoming dispersal limitation (rather than
by creating new areas of suitable habitat). If the natural spread of diatom species
is indeed significantly constrained by dispersal over periods of centuries to
millions of years (Vanormelingen et al, 2008a), then new measures may be
necessary to avoid unintentional transfers by humans, to avoid problems like
those caused by alien plants and animals (e.g. Lowe et al., 2000). However, there
is almost no information about how diatoms actually disperse nor about the
effectiveness of different kinds of barrier (e.g. fronts between different water
masses for oceanic diatoms, open sea for benthic marine diatoms, salinity
gradients, land, etc) in preventing migration. Data on introductions of fish (e.g.
Rahel, 2007), including the remarkable observation that 95% of c. 16 000 high-
altitude lakes in the western USA were originally fishless whereas 9500 of these
lakes (c. 60%) now contain introduced fish (Bahls, 1992), suggest how huge the
effect of unintentional human activity could be in diatom biogeography, creating
artificially widespread or cosmopolitan species.

In order to make progress in understanding dispersal and geographical
distribution, we must first be sure that the geographical ranges recorded are not
artifacts of poor taxonomy and DNA barcodes could provide for this. Barcoding
could also be used to test for the presence of live propagules on or in potential
vectors. For example, it has long been known (e.g. Darwin, 1846) that diatom
remains can be transported very long distances in the air, but most or all of the
cells are dead; furthermore, most diatoms that have been tested exhibit low
tolerance to desiccation (e.g. Souffreau et al., 2010). As with ecological studies,
possible dispersal agents need to be tested for their capacity to transport live cells.
This can be done by microscopical examination (e.g. as done for ballast water by
Klein et al, 2010), but this may be like ‘looking for a needle in a haystack’.
Another is to culture material, but culturing is highly selective and live cells may
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be accompanied by huge amounts of detritus that makes it impractical to isolate
them. An alternative may be to use fluorescence-based cell sorting (e.g. using
chlorophyll autofluorescence) to find and isolate live diatoms from washings off
water-birds, the guts of aquatic insects, etc., followed by barcode identification of
single cells or cultures.

Barcodes could be useful for tracking the spread of putative aliens and
to determine their source, as in the study by Brawley et al. (2009) of the invasion
of NE North America by the brown alga Fucus serratus L. and the mollusc
Littorina littorea (L.). In this work, it was possible to identify the likely agents of
dispersal, by matching the distributions of individual genotypes to records of
shipping between the British Isles and America. Similar work would be done in
diatoms if the barcode marker exhibits enough infraspecific variation.

LIMITATIONS OF BARCODING

Barcoding depends on the assumption that speciation (whatever the
species concept in use) is generally accompanied by divergence in the sequence of
the barcode gene(s). However, sequence divergence is stochastic rather than
steady and so some closely related species will not be resolved by barcoding, even
if parts of the barcode evolve rapidly. To identify such species, other evidence
(from further molecular markers or morphology) will be needed. There is an extra
problem, worse with the ‘weak’ barcodes that we define and discuss later (‘weak’
barcodes are those that reflect use of a coarse-grained taxonomy: see “The
taxonomic basis of barcoding”), or with recently evolved species such as the North
American Stephanodiscus studied by Zechman et al. (1994), that it may be
impossible to barcode some species simply (i.e. via a single reference sequence,
with identification based on divergence only), because they are paraphyletic. This
can be illustrated in Sellaphora, where two of the most commonly recorded
nominal species are S. pupula and S. bacillum (Ehrenb.) D.G. Mann (Hustedt,
1930; Krammer & Lange-Bertalot, 1986-91, as Navicula pupula and N. bacillum).
According to available molecular data (Evans et al, 2007, 2008), S. bacillum
evolved as one lineage among many within S. pupula sensu lato, which makes the
latter paraphyletic. Hence, any barcode marker that separates S. bacillum from
S. pupula sensu lato (to reflect the taxonomy of Krammer & Lange-Bertalot 1986-
91) is unlikely to provide a single barcode sequence for S. pupula (this difficulty
could be by-passed by using character-based comparisons, rather than simple
divergence). Barcoding therefore has limitations and it is inherently incapable of
identifying all diatoms. However, since speciation is a process in which different
species characteristics are reached in a different order and at different times in
different lineages (de Queiroz, 2007), all characteristics, including morphology
and reproductive isolation, will sometimes fail if used singly for species
differentiation.

There will probably always be some species or groups in which the
chosen barcode cannot be used. For example, if rbcL. were to be chosen as the
preferred barcode marker for diatoms (or any other plastid marker whose
function is to code for proteins involved in photosynthesis), barcoding would not
work for the few species that lack a functional plastid and are obligately
heterotrophic, e.g. Nitzschia alba Lewin & Lewin; an alternative marker would
have to be developed for these. Even DNA extraction itself appears to be



w | e

DNA barcoding for diatoms 567

problematic in some diatoms that produce large amounts of mucilage, e.g.
Mastogloia species (D.G. Mann & G.E. Simpson, unpublished data).

It should be emphasized too that barcoding does not make microscopy
redundant. Many aspects of community structure and function — such as the
three-dimensional arrangement of cells, motility, or cell-size spectra (reflecting
the proportions of cells at different stages of size reduction) — cannot be
determined without use of some kind of microscopical or optical technique, and
much would therefore be lost if barcoding was regarded as an alternative to
microscopy, rather than complementary to it.

CHALLENGES IN DEVELOPING BARCODING FOR DIATOMS

The principal challenges are (1) to choose the taxonomic basis for
barcoding, (2) development and testing of candidate barcodes, and (3) generation
of a sufficiently comprehensive set of barcodes to make barcode identification
practical.

The taxonomic basis of barcoding

We mentioned earlier that one source of disagreement about the
identification of diatoms is that people adopt different taxonomies. This is
especially evident in the ecological and palaeoecological literature, where it is
common to find continued successful use of classifications that have been
superseded. For example, the 2010 issues of Journal of Paleolimnology include
several papers (e.g. Ampel et al., 2010; Norberg et al., 2010; Shinneman et al., 2010;
Wiklund et al., 2010) that rely for identification primarily on Krammer & Lange-
Bertalot (1986-91) or older literature. These papers successfully investigate,
analyse and interpret historical changes in the environment without needing to
incorporate the many taxonomic changes that have been made since 1991 (e.g.
Krammer, 2000, 2002; Lange-Bertalot, 2001; Levkov, 2009; and volumes of
Iconographia Diatomologica). There is therefore a conflict between (1) the
taxonomists, who are clearly unsatisfied with what they have done so far and wish
to continue to develop their classifications until they represent biodiversity,
comprehensive and faithfully, to species level and beyond, and (2) some or many
of those who use classifications for ecology or palaeoecology, who find the scope
and detail of late 20 century taxonomy adequate, even if they may have
problems in applying the taxonomy (because of access to literature, lack of
illustrations, poor descriptions, etc).

This conflict is a problem for the development of DNA barcoding in
diatoms. Most taxonomists would probably wish to design a barcode system that
is sensitive enough to discriminate between all the new species they are describing
and expect to describe, including cryptic and pseudocryptic forms. Taxonomists
might therefore choose a molecular marker that evolves comparatively rapidly,
such as ITS-1 or -2 (Moniz & Kaczmarska, 2009, 2010), or COI (Evans et al.,
2007). We will call this a ‘strong’ barcode. In contrast, those who already use
diatoms successfully for biomonitoring and find that a crude taxonomy is
sufficient for their purposes, might be content with a ‘weak’ barcode, with lower
discriminatory power. It might be possible, for example, to design a barcode
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system that largely emulates the widely used freshwater flora of Krammer &
Lange-Bertalot (1986-91), replacing microscopical features by molecular ones.
This seems to have been the philosophy of Jahn et al. (2007) during their
investigation of SSU rDNA as a possible barcode marker. It should be noted,
however, that for some diatoms, such as the marine benthos, there are no floras
or monographs that can be used as a basis for making a list of the nominal
‘species’ that would need to be differentiated by ‘weak’ barcoding.

In making a choice between ‘weak’ and ‘strong’ barcodes, it would be
helpful to know whether speciation in diatoms is usually or always accompanied
by differentiation in physical or chemical requirements, or sensitivity to biotic
factors, or whether instead clades of closely related species share the same niche.
To discover the answer will require detailed studies of speciation and
accompanying ecological studies in contrasting environments and different kinds
of diatom, e.g. planktonic and benthic; freshwater, brackish and marine; motile
and nonmotile; oogamous and isogamous, heterothallic, homothallic, automictic
and apomictic; and different lineages of centric and pennate diatoms. These
studies are in their infancy but the results so far tend to indicate that speciation
(including speciation at cryptic and pseudocryptic levels) is associated with niche
differentiation (e.g. Poulickova et al, 2008; Spackova et al., 2009; Vanelslander
etal., 2009; Quijano-Scheggia et al, 2009), implying that the resolution of
ecological monitoring could be enhanced by applying a ‘strong’ barcode.
Therefore, choice of a ‘weak’ barcode is likely to inhibit use of these organisms
for biotechnology and biomonitoring, and would hinder studies of population
genetics, biogeography and ecology.

Thus the kind of barcode has important repercussions. The extra
resolution provided by a ‘strong’ barcode system will probably allow future
refinements of biomonitoring and ecological research. It will also allow
recognition and study of cryptic species. A ‘weak’ barcode system, on the other
hand, will tend to stabilize taxonomy in the state reached in the mid to late 20"
century. It would translate a classification developed largely by light microscopy,
and already known to be insufficient for some research fields, into a molecular
identification system. The precautionary principle suggests that, if there is any
doubt about which kind of barcode is needed, a ‘strong’ one should be chosen,
because data obtained using this system can always be combined later to provide
information at a coarser level (i.e. with less taxonomic resolution). However, the
cost of producing a ‘strong’ barcode system will certainly be higher than that of a
‘weak’ system.

Development and testing of candidate barcodes

Several papers have been published that seek to evaluate potential
barcode regions in diatoms. The regions assessed so far are SSU rDNA, ITS
rDNA, LSU rDNA, the universal plastid amplicon (UPA), rbcL and COI. As in
any other groups of organisms, the criteria for assessing barcodes are: (A)
universality (can the barcode protocol be applied in the whole of the group of
organisms for which it is designed?), (B) practicality (is the protocol cheap and
easy to use, and are the results easily interpretable?), and (C) discrimination (can
the barcode distinguish among the species or other taxa that we wish to identify?).
The ability of a marker to discriminate is also referred to as its ‘power’ (e.g.
Hamsher et al., in press).
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Universality can be assessed by testing the barcode on a variety of taxa
from across the diatom phylogeny. There is as yet no consensus about the
branching order of the major lineages of diatoms (Mann & Evans, 2007; Theriot
et al., 2009), but enough is known about relationships to show that a universality
test should include representatives of each of the major lineages of ‘radial centric
diatoms’ (e.g. the informally named classes of ‘Coscinodiscophytina’ listed by Adl
et al., 2005), several ‘multipolar centric diatoms’, and a diversity of pennate
diatoms. Practicality requires that the barcode is sufficiently short to allow
bidirectional reads using a single pair of primers, and that subsequent analysis is
straightforward, not requiring complex algorithms to obtain the necessary
alignment. Practicality changes with time and generally becomes less of a
constraint, as equipment and bioinformatic protocols improve. Thus, for example,
the difficulties caused now by a marker that is over-long (e.g. > 700 bp) may
become trivial within a few years. Practicality might be enhanced if there were
already many sequences that could be re-used as barcodes (e.g. SSU rDNA in
diatoms: Jahn et al., 2007). However, the quality of identifications and vouchering
of diatom sequences in GenBank is very uneven (Mann & Evans, 2007,
Table 13.1) and the proportion of diatom species for which there is even one gene
sequence is tiny.

The most disappointing region with respect to universality has been the
partial COI region (close to the 5’ end) used extensively for barcoding metazoa,
which was tested in one of the first diatom barcode papers by Evans et al. (2007).
Evans et al. showed that COI sequences were highly variable and provided
excellent discrimination between closely related species in Sellaphora, a genus in
which there was already abundant information about speciation (sensu de
Queiroz, 2007) from morphology, various molecular markers, the mating system,
and reproductive compatibility (e.g. Evans et al, 2008; Mann et al., 2009). The
COI barcode region was also easy to align and compare, and generally required
only a single pair of primers for amplification and sequencing. Subsequent papers
(e.g. Jahn et al., 2008; Evans & Mann, 2009) explored how barcodes might be
made nomenclaturally effective in diatoms, through use of a barcoded epitype. In
Sellaphora, therefore, and also in some other cases (e.g. Gomphonema parvulum
Kiitz.: Kermarrec et al., 2010), COI seemed to be ideal. However, outside these
few cases, amplification and sequencing COI has often proved to be problematic
(e.g. Moniz & Kaczmarska, 2009; Hamsher et al., in press), despite the availability
of full sequences of COI from a diversity of diatoms from the work of Ehara et al.
(2000a, b) and trials of many primer combinations. Trobajo et al. (in press) tested
COl in Nitzschia palea (Kiitz.) W. Smith and showed that, where sequences could
be obtained (> 80% of isolates), COI outperformed rbcL. and LSU rDNA for
discrimination, but it failed the universality test, with closely related diatoms
differing in whether any diatom COI product could be amplified and sequenced.
The authors have had the same experience in Pinnularia (C. Souffreau,
unpublished data) and FEunotia (P. Vanormelingen, unpublished data): COI
generally works well, but fails in particular lineages, e.g. P. borealis Ehrenb. and
E. mucophila (Lange-Bert. et Norpel-Schempp) Lange-Bert.. Hence, it seems that
COI may be valuable only in special cases, such as Sellaphora, though it is
conceivable that a technical solution to the universality problem may yet be found
if the reasons for COI failures can be determined.

SSU rDNA has been studied extensively in diatoms and there is
abundant information to guide choice of a barcode region within it and design of
appropriate primers. The other proposed markers have not been so well tested for
universality, the ‘radial centrics’ being poorly represented in tests and the raphid
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diatoms overrepresented (although the raphids are the most species-rich group
within the diatoms, they are of phylogenetically recent origin and may therefore
exhibit fewer changes at conserved sites). Nevertheless, although more tests are
desirable, it seems likely that partial LSU rDNA, partial ITS-1-5.8S-ITS-2, rbcL
or partial rbcL and UPA all have the necessary universality (Moniz &
Kaczmarska, 2009, 2010; Hamsher et al, in press). So, are any or all of these
rDNA regions practical as barcodes, and if so, do they show sufficient
discrimination to act as ‘strong’ or ‘weak’ barcodes?

The problem with any of the rDNA regions is practicality: there is often
intragenomic variation (reviewed by Alverson, 2008), as a result of the presence
of multiple non-identical copies of the rDNA cistron, which may be distributed
among one, two or several loci (e.g. Alvarez & Wendel 2003). Although there
may be one predominant copy, others may be sufficiently abundant to prevent
unambiguous reads during direct sequencing, especially because there is often
variation in length because of insertions and deletions. Direct sequencing of ITS
was impossible in species of several genera, including Nitzschia (Trobajo et al.,
2009), Achnanthes (E. Clavero, unpublished data), Funotia (Vanormelingen et al.,
2007), Navicula (A. Poulickova, personal communication), Pseudo-nitzschia
(D’Alelio et al, 2009) and Sellaphora (Behnke et al., 2004). Furthermore,
alignment of rDNA sequences is not straightforward, becoming more difficult
with phylogenetic separation, at a rate determined by functional constraints on
the evolution of the molecule (so that on average divergences are in the order
ITS-1 > ITS-2 > SSU > 5.8S). Alignment is not a prerequisite for identification,
since sequences can be compared using algorithms such as BLAST. However, if
barcode regions are to be used for species discovery as well as identification,
which is desirable given the current state of diatom taxonomy, then ease of
alignment becomes an important practical issue.

For these reasons, rDNA is suboptimal for barcoding and Evans et al.
(2007), Trobajo et al. (in press) and Hamsher ef al. (in press) have argued that
practical issues should rule out ITS rDNA for barcoding diatoms (a view not
accepted by Moniz & Kaczmarska, 2010). However, intragenomic variation may
be sufficiently low and interspecific variation sufficiently high with some rDNA
regions, e.g. the D1-D3 segment of LSU rDNA, to make them workable as
barcodes (Hamsher et al., in press, used D2-D3; Trobajo et al., in press, used
D1-D2).

Protein-encoding genes such as COI and rbcL pose fewer practical
problems than rDNA, once they have been obtained (i.e. if the universality
criterion is satisfied): there is rarely any intragenomic variation (almost none in
length, while the few intragenomic substitutions can be detected as resolvable
ambiguities at one or a few sites), and they are very easily aligned and compared.
There is an extra advantage too, that sequencing errors can often be detected by
frame shifts and unlikely amino acid changes, e.g. exchange of one type of amino
acid by a different one (e.g. polar by non-polar, basic by acidic, etc). Furthermore,
COI and rbcL are organellar genes and many copies are present in each plastid
or mitochondrion, so that amplification is as straightforward as with rDNA, once
suitable primers have been developed.

Once the universality and practicality criteria have been satisfied,
barcode markers need to be tested for discrimination. Of the three criteria, this is
the most difficult to assess in diatoms, because of the state of current taxonomy
and the choice that has to be made between ‘weak’ and ‘strong’ barcodes. Testing
discrimination requires that we have already discovered enough about relation-
ships to know which species are sisters and therefore likely to be minimally
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different genetically. It is pointless to examine the performance of a barcode in
discriminating between randomly selected species whose relationships are
unknown or known only from the barcode itself. Unfortunately, there are very
few groups of species that are understood well enough to be used as a basis for
testing. The best are Pseudo-nitzschia, because of the extensive work on the genus
in connection with toxin production, and the Sellaphora pupula-bacillum clade,
although there are almost certainly species still to be discovered in both, especially
Sellaphora. Also useful are Eunotia (e.g. Vanormelingen et al., 2008b) and Navi-
cula (Poulickova et al., 2010). Among centric diatoms, the best are probably Aul-
acoseira (Edgar & Theriot, 2004), Cyclotella meneghiniana Kiitz. (Beszteri et al.,
2007) and Skeletonema (e.g. Sarno et al., 2005; Godhe et al., 2006), although these
lack the extra dimension provided by data on reproductive isolation and mating
systems. Other ‘model systems’ will undoubtedly become available as taxonomists
continue to use a battery of molecular, morphological and other markers to inves-
tigate species complexes in detail.

Of the model systems listed above, the only one used explicitly for testing
barcodes has been Sellaphora (Evans et al., 2007; Hamsher et al., in press). Using
this system, Hamsher et al. found that a combination of partial LSU rDNA and
partial rbcL could provide (just) enough discrimination to be used for barcoding
Sellaphora species These two markers also perform well in Pseudo-nitzschia,
judging by previous phylogenetic studies (e.g. Amato et al., 2007), and apparently
also in Nitzschia palea (Trobajo et al., in press). COI, favoured by Evans et al.
(2007) on the basis of its performance i in Sellaphora, would be preferable to either
LSU rDNA or rbcL in Nitzschia palea because of its high discriminatory power
(see also Trobajo ef al., in press), but it lacks universality, as already noted. UPA,
which was selected as a promising marker for barcoding on the basis of its
performance in other groups of organisms (Sherwood & Presting, 2007), does not
discriminate sufficiently between closely related species of diatoms (Hamsher
et al., in press).

Have we reached the end of the search for a barcode marker for diatoms,
with the selection of rbcL-3P and the D2/D3 region of LSU as a non-ideal but
workable solution (‘borderline strong’), as recommended by Hamsher et al. (in
press)? It is hard to believe that better markers could not be found, and with
increasing numbers of whole nuclear and organelle genome sequences available,
there are now new opportunities to search objectively for regions that can be
reliably and easily amplified from all diatoms but show better discrimination than
LSU rDNA and rbcL. However, barcoding is not just a scientific project but a
sociological phenomenon. The idea of barcoding all life attracted attention
because of its apparent simplicity and novelty, and its grand scale — biodiversity’s
counterpart of the human genome project. But the novelty is already almost gone
and there is a real danger that diatom barcoding will not receive a fair share of
funding and support unless the barcode region is decided soon.

Generation of diatom barcodes and the establishment of an identification system

The prospect of barcoding 200,000 extant diatom species is daunting, but
the task can be tackled in stages, for example by habitat or genus or bioindicator
value. In multicellular organisms, obtaining material for producing the reference
barcode is rarely a problem: a leaf or small piece of tissue cut from a plant or
animal represents a single genotype and provides sufficient DNA for analysis; to
provide equivalent numbers of cells and amounts of DNA in diatoms requires
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culturing. However, many diatoms have never been cultured successfully (Mann
& Chepurnov, 2004, p. 258) and others cannot be maintained permanently in
culture because of their mating system (Chepurnov et al., 2004). Consequently,
diatoms are poorly and unevenly represented in culture collections and to barcode
diatoms will require a major new effort to isolate and grow strains. These will
need to be vouchered, via slides and unmounted material of cleaned frustules,
documented via images and textual data on clone sources and characteristics, and
identified as far as possible using microscopical criteria (including comparisons
with type material). Our experience (P. Vanormelingen) suggests that it is the
documentation and identification of strains, rather than routine isolation and
culturing, that will be the bottleneck in barcoding programmes. The sequencing
itself is probably the least challenging stage.

It is imperative to preserve DNA (either extracted or in frozen pellets of
the cultures), in case the barcode needs to be checked and to provide material for
subsequent research. This is especially important given that the perfect diatom
barcode marker has not been found (see above) but may yet be developed. Future
sequencing of a new barcode marker for all specimens in the barcode database is
feasible given the present low cost of sequencing, provided that DNA is available.
However, redoing the huge culturing and vouchering effort that will be needed
(and is already underway) to build the barcode database would be near-
impossible. For taxa that resist attempts to isolate and culture them, there is now
the possibility of amplifying the whole genome from one or a few cells (e.g.
Medlin et al., 2008), though this is problematic for barcoding because of the
difficulty of documenting and vouchering the morphology of the cells extracted.
The steps to be taken are therefore:

(1) Agreement on one or two barcode regions (based on their universality,
practicality and discriminatory power) that must be sequenced for all species
(additional regions may be useful for particular groups). Currently, 3’-rbcL and
partial (e.g. D1-D3) LSU rDNA are the strongest candidates.

(2) Establishment of common protocols, including culturing, vouchering, charac-
terization, DNA preservation, primers used, and most importantly the addition of
all information to the central database at www.boldsystems.org.

(3) Further testing of potential barcode markers, and continued efforts to pinpoint
species limits in model groups. Development and improvement of existing markers
and protocols.

(4) Scaling up the culturing, vouchering, characterization and identification effort.
Culturing, vouchering and DNA harvesting can be delegated to trained technicians
and are aspects where major new funding is needed. Initially, there should be a
focus on particular habitats and model groups, but in parallel also a wider
coverage. Detailed studies of selected diatom communities and genera, leading to
+ complete, usable identification systems would help to convince diatomists that
the project is worthwhile. Meanwhile, a continuous background of sampling from a
wide selection of habitats and diatom groups would make the database useful to
non-diatomists seeking to identify sequences from environmental sequencing of
complete microbial communities, but also encourage the maximum involvement of
diatomists, whatever their specialization. The contributions of every available
diatom taxonomist will be essential to ensure that barcode identifiers are correctly
linked to the existing microscope-based taxonomy and ways should be sought to
achieve maximum integration between the barcode effort and the large body of
alpha-taxonomic work that is continuously being delivered in diatoms (e.g. via
Iconographia Diatomologica).
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