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PART I
SYNOPSIS

1

2

RATIONALE

Water is covering over 70 % of our planet’s surface – not counting ice formations
and phreatic waters – and it is a key resource for survival of all organisms, among
them human beings. The oceans are one of the major driving forces for climatic
conditions on earth and at the same time responsible for buffering climatic
extremes. The complex network of ocean and fresh water organisms provide a
crucial food source for mankind. Clean inland fresh water is already a heavily
fought over resource and its availability is further decreasing due to e.g. pollution
through anthropogenic influences and climate change. Many countries have now
installed systems for monitoring the environmental health of their inland fresh
water bodies and coastal waters.
The use of aquatic organisms as indicators of the status of water bodies has
become a common approach many decades ago. Among the most important
indicator organism groups are diatoms as implemented e.g. in the European
Water Framework Directive. The occurrence and composition of diatom taxa –
each correlated to specific environmental conditions ‐ is currently commonly
assessed via light microscopy. This approach is prevalent, however, it is also
limited because it is prone to subjectivity in classification of specimen phenotypes
and also requires expert taxonomic knowledge.
This dissertation aims to develop an alternative and more objective system for the
identification of diatom taxa and the assessment of diatom community structure
for water quality analysis using a DNA sequence based approach. The presented
alternative – called environmental DNA barcoding – uses a short, but taxon
specific DNA fragment to unambiguously identify diatom taxa from water samples.
The publications in this work not only introduce an appropriate DNA barcoding
marker along with a standard laboratory protocol, but demonstrate the potential
of the new approach to capture diatom diversity. Furthermore, this dissertation
includes a critical examination of necessary standards for the build‐up of
reference databases. It emphasises the necessity of integrative science in the
development of new methodologies, as it combines DNA metabarcoding,
taxonomy, phylogeny and scientific documentation.
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INTRODUCTION

AN INTRODUCTION TO DIATOMS
Diatoms were first mentioned as adhering to roots of pond‐weed in 1703 by an
anonymous gentleman (Anonymous 1703). His findings were nonetheless
published in the Philosophical Transactions of the Royal Society of London (Ford
1991; Round et al. 1990). In the second half of the 18th century O.F. Müller
described several species of diatoms (Müller 1783, 1786), and one of these
species, namely Vibrio paxillifer, later on became the type taxon for the first
diatom genus Bacillaria, described by Gmelin (1791). Müller called diatoms
“Animalcula infusoria” (Müller 1786), the German translation “Infusionsthierchen”
was also used by Ehrenberg (1838), an early pioneer of micropaleontology and
diatom research. “Infusionsthierchen” as part of the protozoa were considered to
belong to the animal kingdom. As unicellular motile organisms, diatoms were
classified as animals by most authors (e.g. Bory (1822)), but it remained a topic of
discussion whether this classification was accurate. In 1844 Kützing published a
monograph on “kieselschalige Bacillarien”, and he treated diatoms as plants inter
alia due to the presence of chlorophyll and photosynthetic activity in diatom cells
(Kützing 1844). After this publication, diatoms were almost always treated as
algae (with the exception of Ehrenberg); however, “algae” is a paraphyletic taxon,
pooling all aquatic photosynthetic organisms.

Figure 1: SEM pictures of Caloneis amphisbaena (Bory) Cleve frustules (Lusatian Neisse, Germany). A Top view; ca
central area, ci cingulum (girdle band); scale 20 μm. B External view of epitheca and internal view of hypotheca; et
epitheca, ht hypotheca, ra raphe, st striae; scale 30 μm. Photographs taken by the Research Group Diatoms, Botanic
Garden and Botanical Museum Berlin‐Dahlem.

Diatom plastids are usually greenish‐brown, as carotinoid pigments (e.g. ß‐
carotene, diatoxanthin, diadinoxanthin and fucoxanthin) conceal the green colour
of the chlorophylls (Goodwin 1974). Diatoms possess chlorophyll a, c2 and c1 or c3
(Stauber & Jeffrey 1988). The diatom plastids arose from an ancient secondary
5

endosymbiosis with a photosynthetic eukaryote of red algal origin, but new
studies showed that the plastid genome of the diatoms also contains genes of
green algal derivation, whereupon different scenarios of this process are
discussed (Dorrell & Smith 2011; Moustafa et al. 2009). However, the ancestry of
these genes is still disputed due to large scale phylogenetic analyses (Burki et al.
2012; Woehle et al. 2011).
Today, the mostly photoautotrophic
diatoms or Bacillariophyta are classified as
Stramenopiles, formerly belonging to the
kingdom Chromalveolata, a group that also
includes brown algae, golden algae and
several
non‐photosynthetic
relatives
(Andersen 2004). A more recent
classification places the Stramenopiles into
the SAR supergroup (Burki et al. 2007),
including Stramenopiles, Alveolates and
Rhizaria.

Figure 2: SEM pictures of valves from the main
diatom groups. A Centric diatom genus
Stephanodiscus Ehrenberg (Lake Tegeler See,
Germany); scale 6 μm. B Pennate, araphid
diatom genus Staurosira Ehrenberg (Lake
Balaton, Hungary); scale 5 μm. C Pennate,
raphid diatom genus Navicula Bory (River
Spree, Germany); scale 8 μm. Photographs
taken by the Research Group Diatoms, Botanic
Garden and Botanical Museum Berlin‐Dahlem.

The traditional delimitation of diatom taxa
is based on the morphology of the silica
(SiO2; nH2O) cell wall, a unique feature of
diatoms. The wall of each cell is composed
of two valves (shells), the epi‐ and
hypotheca, which are connected by several
girdle bands or cinctures (Fig. 1). The valves
feature several elaborate and complex
structures that can vary distinctively
between different taxa (Round et al. 1990).
Typical structures are areolae, ocelli,
portulae, pores, spines, slits (e.g. raphe and
striae), and ridges. The siliceous valves void
of other organic compounds are referred to
as frustules (Round et al. 1990). The size,
shape and sculpturing of the valves are
used for the taxonomic subdivision of
diatoms (Stoermer & Smol 1999).

Traditionally diatoms were arranged into round or actinomorphic “centric” (Fig.
2a) and elongate, bilateral symmetric “pennate” cells (Fig. 2b,c). Some of the
pennate cells are characterised by one or two longitudinal slits, the raphes. This
group of diatoms is called raphid pennates (Fig. 2c) and it is discriminated from a
second group, the araphids (Fig. 2b), which lack a raphe. The traditional division
into two orders Centrales (centrics) and Pennales (pennates) has been refined to
6

the classification into three classes, splitting the Pennales based on raphe
morphology (Guiry 2013+; Round et al. 1990). The centrics are combined in the
Class Coscinodiscophyceae Round & R.M. Crawford, the araphid pennate diatoms
in the Class Fragilariophyceae Round and the raphid pennate diatoms in the Class
Bacillariophyceae Haeckel. Whereas the Centrales (corresponding to the
Coscinodiscophyceae) are a paraphyletic taxon, the pennates (including
Fragilariophyceae and Bacillariophyceae) are considered a monophyletic group
(Sims et al. 2006). However, this classification is still in discussion and under
revision (Medlin & Kaczmarska 2004), especially because molecular data has
considerably altered the view on diatom systematics and phylogeny (Alverson &
Theriot 2005; Theriot et al. 2010).
According to e.g. Coyne and Orr (Coyne & Orr 2004) the most commonly used
species concept is the so called “biological” species definition introduced by Mayr
(1942). However, this is not practicable for the definition of species in protists
(Brown & Lomolino 1998; Wilson 2003) and therefore also in diatoms. The mostly
descriptive species concept in diatoms is based on morphological discontinuities
in closely related taxa; and utilises therefore a “phenetic” species definition
(Hutchinson 1968).
The number of extant diatom species is estimated to be between 30,000 and
100,000 (Mann & Vanormelingen 2013; Norton et al. 1996). Therefore they are
often considered as one of the most species rich lineages in the Eukaryotes (Mann
1999; Mann & Droop 1996), albeit diatoms are better documented than most
other protist groups, which renders numerical comparisons difficult. So far only
12,000 species have been formally presented to science, therefore the majority of
species still awaits discovery and description (Mann & Vanormelingen 2013;
Smetacek 1999).
The diatom fossil record is very good due to their siliceous cell walls which survive
aeons. Many taxa have been and still are being described from sediment cores
and other fossilised material. For a long time the first paleontological occurrence
of diatoms was considered to be derived from the Lower Cretaceous (early Albian,
111 Ma) from the Weddell Sea, Antarctica (Gersonde & Harwood 1990). But more
recent fossil data from the early Jurassic (185 Ma ago, Pliensbachium) had proven
that diatoms are much “older” (Kooistra & Medlin 1996) and molecular clock data
(Kooistra & Medlin 1996) and sedimentary evidence (Schieber et al. 2000)
suppose that they have an earlier origin. There are also ideas that the origin of
diatoms could be correlated to the period after the Permian mass extinction (P‐Tr
event) (Medlin et al. 1997). The lack of fossil data within this period is explained
by the hypothesis that diatoms first were not silicified (Raven & Waite 2004).
Diatoms occur in virtually all aquatic habitats – freshwater as well as marine ‐ but
also in soil or as aeroplankton. Life strategies include planktonic forms and benthic
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species adhering to many different kinds of substrate (e.g. mud, sand, stones,
plants, algae, animals). Benthic diatoms are mostly raphid and their raphe seems
to be an essential innovation for the very successful colonisation of benthic
habitats in both marine and freshwater ecosystems, as it allows directional
motility (Sims et al. 2006). Diatoms also appear in interstitial and intertidal
communities. Psychrophilic diatoms populate e.g. the upper and lower side of
Arctic (Van Baalen & O'Donnell 1983; Van de Vijver et al. 2004) and Antarctic
(Aletsee & Jahnke 1992; Van de Vijver et al. 2004) ice formations. To endure
different extreme environmental conditions, e.g. desiccation during droughts,
many diatom species can form resting stages, either in the form of auxospores or
dormant vegetative cells (Round et al. 1990).
Most diatoms secrete polysaccharides which can form gelled capsules around the
cells in the form of threads, pads or stalks (Daniel et al. 1987) which are
sometimes used to firmly attach to all kind of substrates. This polysaccharide
mucus also allows these single celled organisms to live in many different types of
colonies (Round et al. 1990). These complex polysaccharides are a photosynthetic
storage product as are a number of long‐chain omega‐3 polyunsaturated fatty
acids. Both organic compounds are responsible for diatoms being at the base of
most aquatic food webs and a preferred food source for invertebrate grazers
(Armbrust 2009). The omega‐3 fatty acids bio‐accumulate in fish after passage
through the aquatic food web, and are here harvested as dietary "fish oil"
supplements (Lebeau & Robert 2003).
Not only because of these polysaccharides and fatty acids do diatoms play an
important role in most ecosystems, but also due to their capability to fixate
carbon dioxide and silica. They are responsible for at least 25 % of global carbon
dioxide fixation (Falkowski et al. 1998; Field et al. 1998; Mann 1999; Smetacek
1999). Furthermore, they contribute approximately between 20 % (Mann 1999)
and 45 % (Yool & Tyrrell 2003) of the global net primary production. A very
interesting unique feature for photosynthetic organisms is a metazoan‐like urea‐
cycle in diatoms, which is an important player in effective nitrogen fixation and is
believed to be responsible for the dominating role of diatoms especially in marine
environments (Allen et al. 2011).
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DIATOMS AS BIOLOGICAL INDICATORS
Water bodies are complex ecosystems that are influenced by many different
factors, such as e.g. climate, land use and geomorphology in the watershed
(Stoermer & Smol 1999). These influences can change the chemical, physical and
biological composition of the water bodies on a spatial and temporal scale
(Richards et al. 1996). Quality control of water bodies is crucial as they account for
over 70 % of the Earth’s surface (not counting phreatic water systems and ice
formations) and represent a large economic value for human society (Zinger et al.
2012).
To assess the ecological status of a water body often physical and chemical
measurements are used. In an ideal approach all chemical and physical factors
that could influence the integrity of the ecosystem should be continuously
measured (Barbour et al. 1995; Norris & Morris 1995); this, however, is highly
impractical (Stoermer & Smol 1999). An alternative is the use of biological
indicators. Biological indicators show specific reactions to their environment. Thus,
complex chemical and physical changes which might be difficult to measure can
be assessed with such indicators (Stoermer & Smol 1999). They provide a holistic
assessment not only of the current status in a water system, but also often of past
events (Stoermer & Smol 1999). Beyond the assessment of water quality many
monitoring programs are also concerned with the management and protection of
the organisms that dwell in it. Chemical and physical data cannot provide
information on the status of organisms or their condition, while biological
indicators can. Commonly used groups of indicator organisms are e.g. fish,
macrozoobenthos, phytoplankton and phytobenthos; a major part of the latter
being diatoms (European Parliament 2000).
Diatoms have one of the shortest generation times of all biological indicator
groups and therefore have the potential to also provide short term indications of
environmental change (Rott 1991). Diatoms as bioindicators were first used to
assess water quality in lakes, but this application was later extended to streams
and rivers (Round 1991). Periphytic and phytobenthic diatoms are used for the
assessment of ecological status in rivers and streams, whereas planktonic diatoms
provide valuable information in large lowland rivers and lakes (Stoermer & Smol
1999), as well as in marine environments.
As diatoms are well preserved in fossil sediments and serve as important
stratigraphic indicators (Spaulding & McKnight 1999; Stevenson & Pan 1999;
Stoermer & Smol 1999), their analysis enables status assessments of water bodies
not only in the present but also in the past. This is achieved through the combined
analysis of diatom assemblages in the sediment and extant samples, which allows
for the reconstruction of past water chemistry and periods of increased or
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decreased moisture, resulting in data on climatic variability through time (Davies
et al. 2002).
The presence/absence as well as the abundance of individual diatom taxa is a
direct respond to short term shifts in biological, chemical and physical factors,
such as herbivory (McCormick & Stevenson 1989; Steinman et al. 1987), nutrient
concentration (Pan et al. 1996; Pringle & Bowers 1984), contaminants (Cox 1991)
and temperature (Descy & Mouvet 1984; Squires et al. 1979). However, the
specific composition of diatom communities is also a sensitive indicator of mid
term and long term changes in their environment that are due to climatic change
and an increasing anthropogenic pressure (Eiler et al. 2013), the latter resulting in
e.g. acidification or eutrophication (Spaulding & McKnight 1999; Stevenson & Pan
1999). While some diatom species have a broad ecological plasticity, others are
adapted to specific environmental conditions. Those species with narrow optima
and tolerances for different environmental variables often react quickly to an
alteration of their environment with changes in their growth rate, which can be
quite considerable in diatom populations. This leads to differences in biomass and
species composition of diatom assemblages (Patrick 1961). These species can
function with a high level of certainty as indicators for shifts in environmental
conditions (Round et al. 1990). Closely related species are often found under
vastly different ecological conditions (Poulíčková et al. 2008; Vanelslander et al.
2009).
In many countries (Adler 1995; Dell'Uomo 1999; Descy & Coste 1991; Kelly 1998;
Prygiel et al. 2002; Stevenson & Pan 1999; Zalack et al. 2010) diatom indices are
being used for water quality assessments. In the European Union, most countries
have by now implemented the standardised European Water Framework Directive
(WFD) (2000) into their legislation. Two main types of diatom indices for water
quality assessments have been used. The first type are autecological indices,
based on the work of Kolkwitz and Marsson (1908). These infer levels of pollution
utilising the composition of the species and the ecological preferences and
tolerances of the individual taxa present in the assemblage (Butcher 1947;
Dell'Uomo 1999; Lange‐Bertalot 1979a; Lange‐Bertalot 1979b; Lowe et al. 1986).
A second type of indices mainly relies on the diversity of the diatoms as indicator
of ecosystem health (Patrick 1949; Patrick & Strawbridge 1963; Patrick et al. 1954).
The WFD issues standardised guidelines on how to handle and analyse diatom
assemblages to infer the ecological status of water bodies (European Committee
for Standardization 2003, 2004; Kelly et al. 1998). The analysis demands
unambiguous identification of diatoms down to the species level via their
frustules using light microscopy. However, even though diatoms possess more
morphological characters than other protist groups, it is still difficult to identify
diatoms morphologically below the genus level. It needs expert taxonomic
knowledge and often expensive infrastructure as many of the morphological
10

characters can only be detected by scanning electron microscopy or similar high
resolution technologies. Furthermore, the morphological characters can
substantially vary even within populations or clonal cultures (Bailey‐Watts 1976;
Jahn 1984; Medlin et al. 1991; Van de Vijver et al. 2013; Zinger et al. 2012), e.g.
due to frustule size changes during vegetative reproduction. And even if all
necessary characters for identification are available, trained taxonomists
sometimes come to different conclusions, either due to differing taxonomic
concepts or because the descriptions available allow for different interpretations
(Mann et al. 2010). All these factors can contribute to misleading ecological
assessments due to misidentifications (Archibald 1984; Morales et al. 2001).
Furthermore, it renders these assessments inherently operator dependent (Zinger
et al. 2012).
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DNA BARCODING AND EDNA BARCODING
The concept of DNA barcoding (Hebert et al. 2003) introduced a DNA sequence
based identification alternative/complement to traditional morphological
approaches. The DNA barcode consists of a marker fragment easily sequenced in
one read that unambiguously identifies a given taxon (Hebert et al. 2003; Moritz
& Cicero 2004; Stoeckle 2003; Zimmermann et al. 2011), independent of its life
stage (Eiler et al. 2013; Hajibabaei et al. 2005; Hajibabaei et al. 2012; Mann et al.
2010; Shokralla et al. 2012) by comparison with a reference database.
Environmental DNA (eDNA) barcoding (Kermarrec et al. 2014) or metabarcoding
compares the sequence of an unidentified specimen from an environmental
sample to sequences in a reference database. The unassigned sequence is
matched to an identified specimen with the highest sequence similarity in the
reference database, thus allowing the placement of this sequence in a relationship
tree (Ratnasingham & Hebert 2007).
DNA barcoding can serve the purpose of sequenced based characterisation of
genera, species or even taxa on the subspecific level (molecular taxonomy),
whereas eDNA barcoding evaluates the community composition in a target
environment (Schindel & Miller 2005; Zimmermann et al. 2011). Especially the
latter requires high throughput approaches. Collins & Cruickshank (2013)
recommend the concept of specimen identification and species discovery to
elucidate the fact that the identified organism is an individual representing a
taxon rather than delimiting one. Species discovery on the other hand can only be
aided by DNA barcoding, as it cannot be decided on sequence data alone whether
a sequence dissimilar to already known ones correlates to a novel species; it
needs a formal taxonomic description and the substantiation by different kinds of
data: e.g. morphology, DNA sequence data of several markers, ecology (DeSalle et
al. 2005; DeSalle 2006; Moritz & Cicero 2004).
However, as the eukaryotic diversity of small and microbial organisms has a
formative role in almost all ecosystems and because its traditional taxonomic
discovery poses a big challenge due to the lack of accessible discriminating
morphological characters, new and accelerated methods of discovery and
identification are needed (Godfray et al. 1999; Monaghan et al. 2009; Novotny et
al. 2006). Generally, DNA based approaches could overcome some of the
challenges (Blaxter & Floyd 2003; Tautz et al. 2003), but only in the case that the
variation in the used marker regions would correspond to species level taxa
(Monaghan et al. 2009).
Impediments for DNA based taxonomical approaches could be incomplete lineage
sorting and introgression, because divergence of a single marker can antedate or
lag behind species divergence (Hudson & Coyne 2002).
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A third concern is the lack of knowledge about the relation between inter‐ and
intraspecific genetic variation of DNA barcoding regions in several lineages which
makes it difficult to establish quantitative boundaries between taxa. Thresholds of
genetic divergence, derived from uncorrected p‐distances, have been used to
delimit species, the best‐known (and controversial) being the 10x rule in
metazoans (Hebert et al. 2004). The rule claims that a genetic variation of 10× the
average intraspecific difference indicates a new species in metazoans (Hebert et al.
2004). For prokaryotes a similar concept has been introduced with the 97 % rule
by Forney et al. (2004); stating that sequences with less than 97 % similarity are
most likely to be derived from different species. Threshold based approaches
yielded mixed success in many organism groups (Meyer & Paulay 2005; Moritz &
Cicero 2004), among them diatoms (Zimmermann et al. 2011). Tree based
approaches, such as the general mixed Yule‐coalescent (GMYC) model (Fontaneto
et al. 2007; Pons et al. 2006) implement evolutionary models in the assessment of
species boundaries by inferring these from a shift in branching rates on the tree
(Monaghan et al. 2009).
In summary, next generation DNA sequencing techniques have the potential to
accelerate species discovery from environmental samples, but only under the
condition that operational taxonomic units (OTUs) – a “cloud” of similar
sequences – could be related to species (Monaghan et al. 2009).
Using DNA barcoding for the identification of specimen rather than species
discovery has advantages over morphological approaches (Packer et al. 2009). Not
only because the interpretation of morphological characters is prone to
subjectivity, but also because there is only a limited number of taxonomists that
are qualified to do morphology based identifications (Archibald 1984).
Furthermore, there are cases where morphological features are insufficient to
discriminate between taxa or are not easily accessible, but where the DNA
sequence shows distinct nucleotide differences for organismal delimitation. These
taxa are often referred to as cryptic or semi‐cryptic species. In diatoms for only
about 15 species the relationship between diagnostic morphology and biological
species boundary has been investigated in detail (Amato et al. 2007; Behnke et al.
2004; Casteleyn et al. 2008; Kaczmarska et al. 2008; Vanormelingen et al. 2007).
Molecular taxonomy could make an important addition to the so far used
phenetic species concept in diatoms as it already has in other micro‐eukaryotic
groups e.g. (Barth et al. 2006; Chantangsi et al. 2007; Scicluna et al. 2006).
If DNA barcoding is used for identification of diatom species, it does not rely on a
pre‐existing concept of species boundaries, the identified DNA sequence based
units can be transferred to any taxonomic concept (Rach et al. 2008). This is due
to the fact that the sequence of any given specimen remains the same, regardless
which taxon the specimen is assigned to. Of course different alleles or multiple
and varying copies of the same sequence locus can occur in a single specimen and
13

this should be taken into account when choosing and using barcode makers for
identification.
Identification of specimen using DNA barcoding has also been criticised; partly
because it is said to use a single complex character for identification rather than
multiple morphological (Dasmahapatra & Mallet 2006; Moritz & Cicero 2004;
Rubinoff et al. 2006) and/or molecular traits (Dasmahapatra et al. 2010; Dupuis et
al. 2012). Also it has been noted that because often only very few individuals of a
given taxon or closely related taxa have been molecularly studied, intraspecific
variation has likely been underestimated, while interspecific variation has been
overestimated (Dasmahapatra & Mallet 2006). Collins and Cruickshank (2013)
suggest an increased diligence in the a priori identification of specimen via DNA
barcoding due to these and other shortcomings, such as the influence of
misidentifications of reference taxa (see below). Despite all these problems DNA
barcoding has proven useful in many organismal lineages, especially in the
investigation of environmental samples (Behnke et al. 2011; Eiler et al. 2013;
Hajibabaei et al. 2011; Kermarrec et al. 2014; Pawlowski et al. 2011; Zimmermann
et al. 2014b).
Several studies demonstrated the use of DNA barcoding for the identification of
diatoms from environmental samples e.g. (Kermarrec et al. 2014; Stoof‐
Leichsenring et al. 2012), but there is an ongoing discussion about the ideal
barcoding marker. The first proposed DNA barcode marker has been the
mitochondrial cytochrome c oxidase subunit 1 (cox1) (Hebert et al. 2003).
However, in diatoms it has been proven to be not practicable, mostly due to the
impossibility of designing universal diatom primers e.g. (Moniz & Kaczmarska
2009; Zimmermann et al. 2011). As in most organism groups many alternatives
have been discussed (Hamsher et al. 2011; Luddington et al. 2012; Moniz &
Kaczmarska 2009, 2010; Zimmermann et al. 2011), among them the ribulose‐1,5‐
bisphosphate‐carboxylase/oxygenase large subunit (rbcL) and the 18S V4 region.
The latter is also the pre‐barcode for protists (Pawlowski et al. 2012).
Another critical point for eDNA barcoding, besides the selection of the
appropriate barcode marker and the establishment of a working analysis protocol,
is the creation of the reference library (in form of a reference database) against
which the environmental sequences are compared e.g. (Becker et al. 2011;
Bortolus 2008; Collins & Cruickshank 2013; Kvist 2013). The most commonly used
reference databases are the barcoding of life database BOLD (Ratnasingham &
Hebert 2007) and GenBank (http://www.ncbi.nlm.nih.gov/genbank) respectively
EMBL/ENA (http://www.ebi.ac.uk/ena) and DDJB (http://www.ddbj.nig.ac.jp/).
But the taxonomic classification of the sequence data in these databases is often
of questionable quality (Kvist 2013; Zimmermann et al. 2014a). The dubious
quality of the reference data has a direct influence on the quality of eDNA
barcoding analysis of environmental samples. Therefore it is necessary to
14

establish standards on how to deposit and document reference data. Better
sequence documentation ‐ facilitating the traceability of sequence data to the
original specimen ‐ does not only increase the quality of eDNA barcoding but also
increase the re‐usability of deposited data (Enke et al. 2012).
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RESEARCH OBJECTIVES
To establish eDNA barcoding as an alternative and/or an addition to classical
microscopical analysis of diatom communities for water quality assessments, this
study explores several methodological aspects of eDNA barcoding:
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The choice of an appropriate marker for eDNA barcoding in diatoms



The establishment of a working laboratory protocol for the analysis of
diatom communities from environmental samples



A critical assessment of reference libraries in diatoms



The taxonomical discriminatory power of eDNA barcoding in diatoms in
comparison to light microscopy

PAPER OUTLINE

This dissertation comprises four papers that are presented in chronological as well
as logical order. The first two papers are concerned with the establishment of an
universal barcoding marker system in protists (paper 2) and the appropriate
marker region in diatoms and the establishment of a suitable laboratory protocol
for eDNA barcoding in the latter group (paper 1). The third paper critically
discusses the current state of sequence associated taxonomic information in the
available reference databases for diatoms and proposes guidelines for future data
deposition. The fourth paper shows the applicability of eDNA barcoding for
diatom community analysis within the scope of water quality assessments in the
European water framework directive.

PUBLICATION 1
Zimmermann, J., Jahn, R., Gemeinholzer, B. (2011). Barcoding diatoms: evaluation
of the V4 subregion on the 18S rRNA gene, including new primers and protocols.
Organism Diversity & Evolution 11 (4): 173‐192.
Outline – This study evaluates several regions of the SSU 18S rRNA gene for DNA
barcoding in diatoms. With universal applicability, easy amplification and
sequencing as well as taxonomical discriminatory power as desired prerequisites
for a barcoding marker in diatoms. The V4 region of the 18S gene is identified to
have the best properties in relation to these criteria. It is also short enough to be
suitable for next generation sequencing approaches. A laboratory protocol for the
amplification and sequencing of the 18S V4 region diatoms is established including
universal primers. The intra‐ and interspecific variation of the marker region is
tested on 35 representative taxa of diatom diversity. The taxonomical
discriminatory power of the 18S V4 regions has been further tested in silico on
123 taxa as well as in a cryptic species complex within Sellaphora.
Contribution – Lead author, molecular/lab work, data analysis.
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PUBLICATION 2
Pawlowski, J., Audic, S., Adl, S., Bass, D., Belbahri, L., Berney, C., Bowser, S.S.,
Cepicka, I., Decelle, J., Dunthorn, M., Fiore‐Donno, A.M., Gile, G.H., Holzmann, M.,
Jahn, R., Jirků, M., Keeling, P.J., Kostka, M., Kudryavtsev, A., Lara, E., Lukeš, J.,
Mann, D.G., Mitchell, E.A., Nitsche, F., Romeralo, M., Saunders, G.W., Simpson,
A.G., Smirnov, A.V., Spouge, J.L., Stern, R.F., Stoeck, T., Zimmermann, J., Schindel,
D., de Vargas, C. (2012). CBOL Protist Working Group: Barcoding Eurakyotic
Richness beyond the Animal, Plant, and Fungal Kingdoms. PLoS Biol.;10(11):
e1001419.
Outline – This publication summarises the discussion on DNA barcoding within the
protist research community. As the protist richness is vastly unknown, the paper
proposes a two step DNA barcoding approach to assess and describe protist
diversity: in a first step the universal pre‐barcode 18S V4 should document the
basic diversity in all protist groups. This universal pre‐barcode is especially
important in the analysis of environmental communities where many kinds of
protists live along each other and need to be accessed with the same marker. In a
second step group‐specific barcodes are discussed to provide further information
on taxon diversity and delimitation within each individual group. To document the
protist diversity also cell cultures need to be established and the sequence
information derived from those cultures need to be deposited in a protistan
reference library to make protist diversity less anonymous.
Contribution – Analysis of diatom metadata, active contributions to content, text
and figures of manuscript.
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PUBLICATION 3
Zimmermann, J., Abarca, N., Skibbe, O., Kusber, W.‐H., Enk, N. & Jahn, R. (2014).
Taxonomic Reference Libraries for Environmental Barcoding: a Best Practice
Example from Diatom Research. PLoS ONE 9(9): e108793.
Outline – This paper critically assesses the consistency of sequence associated
taxonomic information for the two commonly used barcoding markers 18S V4 and
rbcL in the International Nucleotide Sequence Database Collaboration (INSDC,
including GenBank, EMBL/ENA and DDBJ) for naviculoid diatoms. As the
taxonomic consistency is found to be very low, this paper develops best practice
guidelines in a mulitproxy data approach on how to document sequence
associated information on the example of 37 freshwater from 15 naviculoid
diatom genera. These guidelines include that each reference sequence needs to
be linked to a voucher specimen – and also to photographic documentation – in
order to provide a complete chain of evidence back to the formal taxonomic
literature. It is demonstrated that the critical revision of collection material for the
taxonomic reference database opens up the possibility of reassessing
phylogenetic and taxonomical data and in the present paper also results in the
description of 4 new species.
Contribution – Lead authorship, design and performance of molecular
experiments, data analysis.
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PUBLICATION 4
Zimmermann, J., Glöckner, G., Jahn, R., Enke, N. & Gemeinholzer, B. (2014).
Metabarcoding vs. morphological identification to assess diatom diversity in
environmental studies. Molecular Ecology Resources .
Outlook – This publication comprises a methodological comparison of eDNA
barcoding (marker 18S V4) and light microscopy for the assessment of diatom
communities according to the European Water Framework Directive. Seven
environmental samples of benthic diatoms from the course of the Lusatian
Neisse/Odra river system are simultaneously analysed via light microscopy and by
using a next generation sequencing eDNA barcoding approach. The latter includes,
besides the usage of BLAST algorithms for taxon identification, also a phylogenetic
tree based approach. The taxon lists for the classic morphological approach are
compared to the taxon lists derived from eDNA barcoding and it is shown that the
latter always results in a finer description of diatom diversity (a total of 103 taxa
by light microscopy vs. 270 taxa identified by eDNA barcoding). Therefore this
study demonstrates that eDNA barcoding is a competitive approach to describe
diatom communities and holds the potential for a large application spectrum.
Methodological challenges in eDNA barcoding are analysed and discussed.
Contribution – Lead authorship, sample collection, data collection, morphological
and molecular/NGS data analysis, development of NGS data analysis approach.
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CONCLUSIONS AND OUTLOOK

The here assembled studies demonstrate the feasibility of environmental DNA
(eDNA) barcoding via the 18S V4 marker region for the description of diatom
diversity for water quality assessments. Important for the applicability of eDNA
barcoding has been the invention of next generation sequencing (NGS) technology.
It enables scientists to characterise community compositions via DNA sequences
by producing large numbers of sequences from environmental samples
(Andersson et al. 2009; Eiler et al. 2013; Shokralla et al. 2012; Sogin et al. 2006).
The handling of large sequence datasets from environmental samples already
requires insights into informatic procedures. But the implementation and
standardisation of bioinformatic pipelines, however, demands a profound
expertise in both biology and informatics (Collins & Cruickshank 2013; Smith &
Staetsky 2007; Yoccoz 2012), a combination still rarely found. If the bioinformatic
pipelines for the analysis of sequence datasets are further standardised and
automated, eDNA barcoding as an objective sequence‐based method for
specimen identification can increase the comparability of datasets from different
studies and laboratories. A standardised eDNA barcoding approach will also
facilitate monitoring programs with large spatiotemporal dimensions (Hajibabaei
et al. 2011; Hajibabaei et al. 2012). Due to the high number of sequences
obtained from an investigated community, eDNA barcoding also allows for deeper
sampling compared to microscopic approaches (Stoeck et al. 2009). It furthermore
facilitates an improved insight into diatom and other protist diversity and could
therefore be the basis for a global projection of their biodiversity (Stoeck et al.
2009). With further development of high throughput sequencing the future of
eDNA barcoding will lie in sequencing multiple markers in parallel (multiplexing)
(Collins & Cruickshank 2013; Dupuis et al. 2012; Fujita et al. 2012) or even whole
genomes of at least small organelles (Eiler et al. 2013; Taberlet et al. 2012a;
Taberlet et al. 2012b).
Another critical point for the accurateness of diversity descriptions via eDNA
barcoding is the establishment of taxonomically well curated reference databases
and the introduction of community standards for the deposition of reference data.
Curated reference databases will adopt the role for DNA sequence based
approaches that printed identification literature has for morphology based taxon
assignment. This is due to the fact that reference libraries are algorithmically
searchable for sequence similarities. The presently available reference databases
for diatoms often include large percentages of sequences with doubtful
taxonomic annotation on the species level. Furthermore, these databases
currently do not provide standard pathways to trace the taxonomic annotation
back to the original voucher specimen. This means that many eDNA barcoding
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studies are limited to identifications to the genus and family level; and while for
some studies (e.g. large scale biodiversity assessments) this level of taxonomic
depth is sufficient, for others such as species inventories and monitoring programs
it is not. The here presented studies could show that with a combination of well
curated databases and tree based delimitation methods sequence identification
even to the sub‐specific level are generally possible.
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SUMMARY

The microscopical analysis of diatom diversity is a well established approach in the
assessment of the ecological status of water bodies and implemented e.g. in the
European Water Framework Directive. This dissertation presents environmental
DNA (eDNA) barcoding of diatom communities as an alternative methodology to
the routine use of light microscopy.
The V4 locus of the 18S rRNA gene is introduced in this work as an adequate DNA
barcoding marker for diatoms: the locus is flanked by regions that are conserved
throughout the diatoms, thus serving as universal primer binding sites. The 18S V4
region also contains sufficient sequence variation for diatom discrimination on a
stretch of only approximately 390 bp; therefore it is also suitable for next
generation sequencing. A standard laboratory protocol for the amplification of
this marker from diatoms in culture as well as from environmental samples is
specified in the present dissertation. Furthermore, this work includes the
agreement of the CBOL Protist Working Group (ProWG) on the 18S V4 locus as
pre‐barcode for the assessment of general protist diversity. In addition to that
each protist group could apply a second marker region to further examine taxon
delimitation and diversity, if necessary.
eDNA barcoding relates unidentified sequences from an environmental sample to
identified sequences in a reference database to obtain an assignment of the
environmental sequences to a respective taxon. The present study investigates
the taxonomic discriminatory power of eDNA barcoding in comparison to light
microscopy. It is demonstrated that the DNA based approach provides a more
refined taxon detection than the microscopical approach. As the simple BLAST
algorithm proved to be insufficient for the assignment of sequences to taxonomic
entities, the phylogenetic‐based coalescent model approach (PCMA) is introduced.
The PCMA combines the general mixed Yule‐coalescent (GMYC) model – a tree
based approach ‐ with the statistic evaluation of genetic clusters via bootstrap
support.
It is also shown that the quality of sequence assignment to taxonomic entities is
directly related to the quality of the taxonomic treatment of the reference
sequences; and the information in the most commonly used reference database
INSDC (International Nucleotide Sequence Database Collaboration; incl. Genbank,
EMBL/ENA and DDBJ) is of questionable quality.
This work therefore includes best practice guidelines for the deposition of
sequence information in taxonomic reference libraries. In diatoms reference
sequences are almost always obtained from clonal cultures permitting good
documentation possibilities. Along with the reference sequences, physical
vouchers in form of herbarium specimen and the DNA extract need to be
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deposited in scientifically curated collections. Also minimum requirements for
metadata are suggested: these include e.g. collection data, cultivation data,
primer and amplification details, pherograms, as well as photographic
documentation of microstructures important for identification. Even though these
specifications are proposed for diatoms, they are transferable to other protist
groups and also beyond that. As parts of the specified metadata cannot be
deposited in the INSDC along with the sequence data, AlgaTerra and the database
of the DNA Bank Network are discussed as complements.
The publications assembled in the present dissertation contribute towards the
establishment of the standard application of eDNA barcoding in water quality
assessments via diatom community analysis by introducing (a) a methodological
approach and (b) best practice guidelines for the deposition of reference
sequences.
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ZUSAMMENFASSUNG
Die lichtmikroskopische Bewertung der Diversität von Diatomeen ist eine
erfolgreich praktizierte Methode zur Gewässergüteanalyse, die z.B. auch in der
Wasserrahmenrichtlinie der Europäischen Union umgesetzt wird. Die vorliegende
Arbeit stellt environmental DNA (eDNA) Barcoding als Alternative zur üblichen
Untersuchung von Diatomeengesellschaften mit Hilfe von Lichtmikroskopie vor.
Die auf dem 18S rRNA Gen befindliche V4 Region wird in dieser Dissertation als
adäquater Marker für Diatomeen DNA Barcoding eingeführt: die Region wird von
innerhalb der Diatomeen konservierten Sequenzabschnitten flankiert, die als
universelle Primer‐Bindungsstellen fungieren können. Des Weiteren zeigt die 18S
V4 Region auf einem relativ kurzen Sequenzabschnitt (ca. 390 bp) ausreichend
Variation für die Unterscheidung verschiedener Taxa. Die geringe Abschnittslänge
ermöglicht zusätzlich die Sequenzierung durch Next‐Generation‐Sequencing‐
Technologie. Die Arbeit beinhaltet ein Standardprotokoll für die Amplifizierung
der 18S V4 Region sowohl aus Kulturmaterial als auch aus Umweltproben.
Außerdem ist in der vorliegenden Studie die Entscheidung der CBOL Protist
Working Group (ProWG) für die 18S V4 Region als Pre‐Barcode für alle Gruppen
der Protisten enthalten. Der Marker wird also zur generellen Erfassung der
Protistendiversität vorgeschlagen. Sollte darüber hinaus ein weiterer genetischer
Marker für die Untersuchung von Taxongrenzen und Diversität innerhalb einzelner
Gruppen nötig werden, wird dieser für jede Protistengruppe einzeln festgelegt.
Beim eDNA Barcoding werden unidentifizierte Sequenzen aus einer Umweltprobe
identifizierten Sequenzen in einer Referenzdatenbank zugeordnet, um die
Sequenzen aus der Umweltprobe einem entsprechenden Taxon zuzuweisen. Die
hier vorgestellte Untersuchung prüft die Unterschiede von Lichtmikroskopie und
eDNA Barcoding hinsichtlich ihrer Möglichkeiten der taxonomischen
Unterscheidung. Die sequenzbasierte Methodik lieferte eine feinere taxonomische
Aufgliederung als die Lichtmikroskopie. Da sich eine einfache Zuordnung von
Sequenzen zu taxonomischen Einheiten mittels des BLAST Algorithmus als nicht
ausreichend erwies, stellt diese Arbeit den phylogenetic‐based coalescent model
Ansatz (PCMA) vor. Dieser kombiniert das general mixed Yule‐coalescent (GMYC)
Modell, einen auf Baumberechnungen beruhenden Ansatz, mit der statistischen
Unterstützung einzelner genetischer Gruppen durch den Bootstrap Support.
Zusätzlich wird der direkte Zusammenhang von der Qualität der
Sequenzzuordnung zu taxonomischen Einheiten zur Qualität der taxonomischen
Bearbeitung von Referenzsequenz gezeigt. In der gebräuchlichsten
Referenzdatenbank INSDC (International Nucleotide Sequence Database
Collaboration; inkl. Genbank, EMBL/ENA and DDBJ) ist die vorhandene
taxonomische Information zu Diatomeensequenzen fragwürdig.
Deshalb schlägt die vorliegende Arbeit Richtlinien zur Hinterlegung von
Referenzsequenzen
in
taxonomischen
Referenzdatenbanken
vor.
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Referenzsequenzen werden im Falle der Diatomeen meist aus klonalen Kulturen
erzeugt. Hierdurch ist eine umfangreiche Dokumentation möglich. Neben der
Sequenzinformation sollten Herbarbelege und die physische DNA‐Probe in
wissenschaftlich
betreuten
Sammlungen
hinterlegt
werden.
Minimalanforderungen für begleitende Metadaten werden ebenfalls vorgestellt;
hierzu gehören neben Sammlungsdaten, Daten zur Kultivierung, Information zu
Primern und PCR sowie den Pherogrammen auch die fotografische
Dokumentation zur Bestimmung relevanter Mikrostrukturen. Diese Richtlinien für
Diatomeen können ohne weiteres in anderen Protistengruppen oder auch
darüber hinaus angewandt werden. Da ein Teil der aufgeführten Metadaten in
INSDC nicht hinterlegt werden können, werden AlgaTerra und die Datenbank des
DNA‐Bank‐Netzwerks ergänzend vorgeschlagen.
Die in der vorliegenden Dissertation zusammengefassten Arbeiten tragen zur
Etablierung
von
eDNA
Barcoding
als
Standardanwendung
zur
Gewässergüteanalyse mittels der Untersuchung von Diatomeengesellschaften bei.
Sie stellen erstens einen methodischen Ansatz vor und zweitens formulieren sie
Richtlinien zur guten wissenschaftlichen Praxis hinsichtlich der Hinterlegung von
Referenzsequenzen.
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Although this may seem a paradox, all exact science is dominated by the idea of
approximation. When a man tells you that he knows the exact truth about
anything, you are safe in inferring that he is an inexact man.
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