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Abstract
In past decades, molecular methods helped to discover extensive diversity hidden in morphologically delimited diatom species. Diatom taxonomy awaits revision and molecular methods will play an important role in this pursuit. DNA-barcoding is a relatively cheap and rapid
way to incorporate molecular data in the diatomological research. The crucial step, which determines its efficiency, is marker selection. Therefore, we examined the performance of candidate
barcode markers in the model genus Frustulia. Molecular data from the study helped to support delimitation of two new species, Frustulia curvata and Frustulia paulii. Similar to previous
research, the best-performing markers were part of the large ribosomal subunit and part of
the RUBISCO gene. We encountered a case where these two markers disagreed. Similar gene
tree discordances might compromise molecular species delimitation, which is based on single
molecular loci. The use of both markers in a dual-locus barcode can mitigate the risk and draw
attention to problematic cases that merit further study. However, the superior mean of species delimitation, which we used to set species limits in the complex Eunotia bilunaris-flexuosa,
provides algorithms that use multiple loci and accommodate our understanding of molecular
evolution.
Several studies showed that the discovered genetic diversity has a bearing on diatom
ecology. Therefore, diatom ecology warrants re-examination in the context of newly discovered diversity. We explored two, approaches that might help us to achieve this goal. The first
combines molecular-assisted alpha-taxonomy with computer-based automatic identification of
frustules from natural diatom assemblages. We used this approach to examine the diversity of
Frustulia species in northern Europe; the study revealed a positive correlation between species
abundance, realized pH niche breadth, and geographical distribution. To test potential drivers
behind this pattern, it is necessary to use the second approach: a controlled laboratory experiment. An example comprises my second study, in which we measured fundamental niches (i.e.
pH tolerance) of 15 closely related lineages from the complex Eunotia bilunaris-flexuosa and
compared them with their respective realized niches (i.e. source locality pH). The experiment
showed significant differences in pH-dependent growth of individual species and strains and
proved that the physiological response to pH significantly correlates with their distribution in
nature. The results of both studies suggest that species hidden by their similar morphologies
might be ecologically diverse. This stresses the need to correctly identify diatom species because
only then can we understand diatom biology and fully exploit diatom-based applied sciences.

Abstrakt
V posledních desetiletích, byla u morfologicky vymezených druhů rozsivek objevena značná druhová diverzita, a to zejména pomocí molekulárních metod. Taxonomie rozsivek vyžaduje
revizi a molekulární data při ní sehrají důležitou úlohu. Relativně levný a rychlý způsob, jak
začlenit molekulární data do výzkumu rozsivek, představuje DNA-barcoding. Klíčovým krokem, který určuje využitelnost této metodiky, je výběr vhodného markeru. Vybrané markery
jsme proto otestovali na modelovém rodu Frustulia. Získaná data podpořila vymezení dvou
nových druhů, které jsme v samostatné studii popsali jako Frustulia curvata a Frustulia paulii.
Nejvhodnějšími markery pro identifikaci druhů byl úsek velké ribosomální podjednotky (28S)
a úsek genu, který kóduje enzym RUBISCO. Ve studii jsme ale objevili případ, kdy se tyto
markery neshodovaly. Neshody mezi genovými stromy komplikují vymezení druhů na základě
jediného molekulárního markeru. Pokud budeme používat barcode složený ze dvou markerů,
sníží se riziko chybného vymezení druhů a neshody upozorní na případy, které zasluhují další
studium. Vhodnější přístup k vymezování druhů na základě molekulárních dat nicméně představují algoritmy, které jsme využili k vymezení druhů v komplexu Eunotia bilunaris-flexuosa.
Tyto algoritmy využívají více lokusů a vycházejí ze znalosti molekulární evoluce.
Řada studií prokázala, že se nově objevené kryptické druhy mohou lišit ekologicky.
Ekologii rozsivek je proto nutné přezkoumat v kontextu nově objevené druhové diverzity. Dvě
z mých studií reprezentují dva odlišné přístupy, které mohou přispět k pochopení ekologie
rozsivek. První kombinuje alfa taxonomii podpořenou molekulárními daty s automatizovanou
identifikací schránek z trvalých preparátů vytvořených z přírodních populací. Tento přístup jsme
použili k prozkoumání diverzity druhů rodu Frustulia v severní Evropě. Výsledky odhalily pozitivní vztah mezi abundancí, šíří niky realizované na gradientu pH, a s rozsahem geografického
rozšíření jednotlivých druhů. Pro pochopení fungování tohoto vztahu je však potřeba použít
jiný přístup - experiment v kontrolovaných laboratorních podmínkách. Příklad tohoto přístupu
představuje studie, ve které jsme pomocí kultivace v gradientu hodnot pH popsali fundamentální niku 15 blízce příbuzných druhů z komplexu Eunotia bilunaris-flexuosa. Získané hodnoty
jsme porovnali s realizovanou nikou (tj. s pH zdrojových lokalit). Růstové parametry jednotlivých druhů se prokazatelně lišily a korelovaly s výskytem druhů v přírodě. Výsledky obou studií
potvrdily, že druhy se stejnou nebo velmi podobnou morfologií mohou mít odlišné ekologické
nároky. Přesná identifikace druhů je tedy nezbytnou podmínkou pro pochopení biologie rozsivek i pro jejich efektivní využití v aplikovaných vědách.
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1. Background
Diatoms are unicellular photosynthetic eukaryotes with a crucial role in the global ecosystem. They are found in most aquatic habitats and their propensity to dominate makes them
important primary producers and key players in global geochemical cycles (e.g. Falkowski et
al. 1998, Smetacek 1999, Sarthou et al. 2005). Moreover, diatoms are important organisms in
applied sciences. They have been selected for water quality assessment in many countries (Potapova & Charles 2002, Chessman et al. 2007, Taylor et al. 2007, Rimet & Bouchez 2012) and
because their glass cell walls preserve in sediments, they are used for paleoecological reconstruction and stratigraphic correlation (Smol & Stoermer 2010).
Our understanding of diatom biology, as well as their effective use in applied sciences,
relies on correct species identification. However, in the past three decades, the foundations of
diatom taxonomy have been shaken by the discovery of species diversity hidden in traditionally delimited species (e.g. Medlin et al. 1991, Behnke et al. 2004, Vanormelingen et al. 2008,
Souffreau et al. 2013). This newly discovered diversity warrants a change of species concept that
underlies diatom taxonomy and re-evaluation of our views on diatom ecology. The studies that
form this thesis address these two problems.
To provide the reader with the background of this work I first review the development
of the diatom species concept (1.1 Diatom taxonomy). Chapter 1.1.1 examines the traditional
morphological species concept and the phenomena that hinder its effectiveness: the specific
diatom life cycle, environmentally induced phenotypic plasticity, and common (semi-/pseudo-)
cryptic speciation. The next chapter (1.1.2) introduces the unified species concept, which is
endorsed as a replacement for the morphological approach to species delimitation. The final
chapter (1.1.3) summarizes the current role of molecular data in the diatom taxonomy.
The second part of the introduction (1.2 Diatom ecology), examines the problems that we
have to address if we are to understand diatom ecology. First, the existence of diatom biogeography (1.2.1) is no longer questionable and needs to be accounted for in ecological studies and
during species delimitation. Second, human-based species identification is subjective and fallible. To minimize this bias, we need to develop alternative approaches for species identification
(1.2.2). Third, observational studies alone are unable to clarify the mechanistic causes behind
species distribution. To connect the functional phenotypic traits of species with their occurrence
and abundance in nature, we have to examine their growth and physiology under controlled
laboratory conditions (1.2.3).

1.1 Diatom taxonomy

Species perception has changed along with our understanding of nature and as scientific
methods advanced along with technological progress. In diatomology, the changes arrived later
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partly due to generally lower interest in microscopic organisms, but also due to scientists’ fascination with the morphology of diatom glass cell walls (frustules). In most groups across the
tree of life, the use of molecular methods triggered a change in the species paradigm and molecular data became a norm for species description (Leliaert et al. 2014). However, the changes
are only slowly being incorporated in diatomology where species description still largely relies
on morphology. According to the ISI Web of Science database (from 28th June 2018), 97 pa-

pers from 2016 and 2017 described new diatom species (query: new diatom species) in the five
journals with the most hits (Phytotaxa, Diatom Research, Phycologia, Nova Hedwigia, and
Journal of Phycology). Only 14 of these studies used molecular data for species delimitation
(query: molecular). Moreover, numerous diatom species are described without any peer review
in book series such as Iconographia Diatomologica and Bibliotheca Diatomologica. Despite the
widespread use of the morphological species concept alternative approach, the so-called unified species concept, is lately gaining attention and molecular methods are increasingly used to
identify diatom species.

1.1.1 Morphological species concept

Diatoms stand out due to their ability to build intricately ornamented glass cell walls
that have intrigued scientists since their discovery by light microscopy in the early 18th century
(Mann 2010). The morphology of frustules has been used for species delimitation ever since;
more specifically, discontinuities in cell dimensions, shape, and ornamentation were taken as
indicators of species boundaries. In the 1970s, scanning electron microscopes became widely
affordable. They revealed ultrastructural features of diatom frustules, which allowed finer differentiation of species and brought a new wave of excitement regarding diatom morphology
(Round et al. 1990).
Unfortunately, delimitation of diatom species based on morphology is problematic; the
interspecific differences are not the only source of morphological variability because of the
specific diatom life cycle and the presence of phenotypic plasticity. Additionally, speciation is
not inevitably connected with pronounced morphological diversification and (semi-/pseudo-)
cryptic species are common among diatoms (Kociolek & Stoermer 2010, Cox 2014).
Life cycle
A major source of diatom intraspecific morphological variability is their unique life cycle, which was elucidated by Pfizer in 1869 (Mann 2010). The life cycle of most diatoms involves a series of asexual divisions accompanied by gradual cell diminution. Cell enlargement
is achieved through sexual reproduction (Fig. 1). The diminution occurs because vegetative
progeny evolves inside the rigid parental cell wall, which has a bipartite box-like structure with
one half slightly larger (the epivalve) than the other (the hypovalve). The daughter cells always
synthesize the hypovalve anew, one of the cells is thus necessarily smaller, and the size of the
population gradually decreases (Fig. 1). During vegetative divisions of pennate diatoms, width
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Fig. 1. The mechanism of cell size reduction. Illustrated by Pfizer (1871) with reference to a chainforming Eunotia species (from Mann 2010).

Fig. 2. Examples of size and shape change during sequence of normal cell division. b) Stictodiscus,
c)Sellaphora, d) Brachysira, e) Nitzschia, f ) Epithemia, g) Rhoicosphenia (taken from Round et al. 1990).
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decreases less than length and the cell outline becomes simplified (Round et al. 1990). These
allometric rules are used in diatom alpha-taxonomy to guide the assembly of diminution series,
where the presence of intermediate morphologies serves as evidence of conspecificity (Fig. 2).
However, exceptions exists; there are reports of clones that increase their dimensions
during cultivation, do not change size, or change size abruptly, often in response to changed environmental conditions (Sato et al. 2008, Rose & Cox 2013). Molecular data also revealed departures from proposed allometry; several studies found molecular lineages with variable shape
and cell breadth encompassing strains that would be assigned to 2–3 traditionally delimited
taxa (Trobajo et al. 2009, Veselá et al. 2012, Kermarrec et al. 2013a). The mechanisms allowing
avoidance of diminution rules are still poorly understood. Rose and Cox (2013) hypothesized
that flexibility in the girdle region enables cells to remain the same size or even become larger.
The mechanism may introduce slight morphological changes to the cell outline during asexual
divisions, but the major part of outline plasticity likely arises during auxosporulation and initial
valve formation when the cell is only covered with lightly silicified bands (Rose 2008).
Phenotypic plasticity
Beside ontogenetic changes, morphological variability within species can be accounted
for by the phenotypic plasticity. The first evidence that environmental conditions affect frustule
morphogenesis brought discoveries of “Janus cells” - frustules with different striation patterns
on each valve (Mann & Chepurnov 2004, Kociolek & Stoermer 2010). Later, scientists found
seasonal morphological variation in natural populations of some species (e.g., Eucampia antarctica (Fryxell 1991), Pseudo-nitzschia galaxiae (Cerino et al. 2005), or Chaetoceras dichaeta
(Ligowski et al. 2012)), and experimental cultivation proved that variable nutrient loads (Si,
N, P, Fe, other trace metals), salinity, or temperature might change the size and ultrastructural
features of cells (e.g. Marchetti & Harrison 2007, Trobajo et al. 2011). Examples of phenotypic
plasticity reviewed Cox (2014), or Kociolek and Stoermer (2010).
Similar, to abiotic factors, biotic interactions also affect species morphology. Bacteria
regularly occur in association with diatoms (Amin et al. 2012), and a lack of bacteria in axenic
cultures influences valve size and morphology (Windler et al. 2014). Increased silicification,
formation and size of colonies help to reduce predation (Pondaven et al. 2007, Bergkvist et al.
2012, Bjærke et al. 2015). An extreme case of morphological plasticity represent diatoms that
live symbiotically in foraminifera; they are naked, but still able to build a cell wall once they
are released from the association (Lee et al. 1979).
The frustule forms the interface between the cell and the environment; its morphology
is thus important for the ecological response and adaptation of species. Shape, dimensions,
and striation influence the physical properties of the valve (e.g. sinking rate, response to water
current, mechanical strength), the growth rate of species, and surface-to-volume ratio, which
determines nutrient uptake and desiccation (Padisak et al. 2003, Černá & Neustupa 2010). Morphogenesis that is responsive to external conditions may allow species to thrive in the diverse
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conditions that they encounter over their geographical distribution and during the year.
Cryptic species
Molecular methods helped to uncover hidden diversity within species throughout the
tree of life (Bickford et al. 2007). Diatoms are not an exception; traditionally delimited diatom taxa that were reviewed, mainly by molecular methods, usually split into several lineages
that merit a species rank. Examples include Sellaphora pupula (Behnke et al. 2004, Jahn et
al. 2008, Evans et al. 2008), Eunotia bilunaris (Vanormelingen et al. 2007, 2008), Frustulia
saxonica and Frustulia crassinervia (Veselá et al. 2012), Sellaphora auldrekii (Vanormelingen
et al. 2013), Navicula cryptocephala (Poulíčková et al. 2010), Pinnularia borealis (Souffreau
et al. 2013b), Hantzschia amphioxis (Souffreau et al. 2013b), Gomphonema parvulum (Kermarrec et al. 2013a, Abarca et al. 2014), Pseudo-nitzschia delicatissima and Pseudo-nitzschia
pseudodelicatissima (Amato et al. 2007), Nitzschia palea (Trobajo et al. 2009, 2010), or Berkeleya rutilans (Hamsher & Saunders 2014).Whereas some species seem to be truly cryptic (e.g.
Quijano-Scheggia et al. 2009, Souffreau et al. 2013, Hamsher & Saunders 2014), in others, post
hoc examination of morphology revealed slight differences that enable species identification
(Vanormelingen et al. 2008, Vanelslander et al. 2009, Poulíčková et al. 2010). The latter species
are called pseudo- or semi-cryptic (Mann & Evans 2007).
Humans mostly rely on visual perception and therefore tend to classify the natural world
based on morphology. However, morphology has no exceptional position in the speciation of
diatoms. Recognition of sexual partners (Armbrust & Galindo 2001) and interspecific interactions, such as parasitism (Van den Wyngaert et al. 2014) and predation (Hamels et al. 2004),
are likely based on the detection of soluble molecular cues. It is yet to be determined, if slight
morphological differences between sibling species can convey an ecological advantage or if the
functional difference arises solely at the molecular level (Degerlund et al. 2012, Sackett et al.
2013).

1.1.2. Unified species concept

Over the years, a number of alternatives to the morphological species concept emerged.
Similar to the morphological species concept, alternative approaches accentuated a single
source of evidence for species delimitation; e.g., distinct ecology, sexual compatibility, and
reciprocal monophyly of molecular markers (see Mallet 2006 for an overview of species concepts). Problematically, the species limits based on different concepts were often incongruent.
The rivalry between concepts was resolved by the unified species concept (de Queiroz 1998, de
Queiroz 2007), which stressed the underlying idea common to all: the perception of species as
independently evolving metapopulation lineages. Such lineages originate by the separation and
subsequent diversification of populations through natural selection and random drift. In time,
lineages acquire different properties that are used as the single line of evidence in other species
concepts. However, as it happens without any given order or timing we cannot base species
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delimitation on a single characteristic (Fig. 3).
In practice, independent lines of evidence add credibility to the hypothesis that a group
of organisms deserves species status. This is similar to the “Waltoninan” approach advocated by Mann et al. (1993) for diatoms. Beside traditionally used morphological metrics (e.g.
length, width, striation density), the evidence for boundaries between diatom species might
come from the geometric morphometrics of the cell outline, striation patterns, or allometric
trajectories (Beszteri et al. 2005, Poulíčková et al. 2010, English & Potapova 2012, Kermarrec et al. 2013a), the morphology of resting spores (Degerlund et al. 2012), ecophysiological
experiments (Vanelslander et al. 2009, Degerlund et al. 2012, Souffreau et al. 2013b), crossing
experiments (Amato et al. 2007, Vanormelingen et al. 2008, Trobajo et al. 2009), ploidy levels (Koester et al. 2010), or DNA sequence data (e.g., Behnke et al. 2004, Evans et al. 2008,
Vanormelingen et al. 2013, Souffreau et al. 2013).

Fig. 3. The unified species concept (adapted from de Queiroz 1998, 2007 by Braby et al. 2016). Daughter lineages B and C evolve from the ancestral lineage A’. In the grey zone, the lineages acquire different
properties (dashed lines) that serve as operational criteria under different species concepts. In this zone,
taxonomists frequently disagree about the number of present species.

1.1.3. DNA-based species delimitation

Although the unified species concept advocates the use of diverse sources of evidence and
perceives all of them as equal, molecular data gained an exceptional position. The sequencing
allows one to easily, and nowadays relatively inexpensively, obtain a large amount of data that
bear the information about species boundaries, phylogenetic relationships, and the timing of
individual speciation events (Mann & Evans 2007). Moreover, as we understand the processes
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involved in DNA evolution, we are able to quantify the uncertainty of the evidence at hand
(Alverson 2008, Leliaert et al. 2014). Current studies usually work with monoclonal cultures;
however the precision of molecular techniques already allows single-cell analyses (Lang &
Kaczmarska 2011, Hamilton et al. 2015). Single-cell approach can significantly speed up the
discovery and revision of diatom species and is invaluable when cultivation is problematic or
impossible.
Extensive use of molecular data necessitated the development of methods for DNA-based
species delimitation. One of the first approaches is mainly connected with the DNA-barcoding
initiative, which was primarily aimed at species identification (further discussed in chapter
1.2.2), but, in less studied groups, also became a tool for species delimitation. The approach is
based on the so-called “barcoding gap” (Fig. 4), a gap in the frequency distribution of genetic
distances between and within species, which sets the threshold for species delimitation (Hebert
et al. 2004). Unfortunately, the concept is more an aspiration than a reality, and the purported
barcoding gap usually decreases or entirely disappears with increased sampling (Meyer & Paulay 2005).
Generally, the algorithms for DNA-based species delimitation either stem from the barcode gap approach (ABGD - Puillandre et al. 2012), seek the shift from hierarchical to reticulate evolutionary relationships (GMYC – Pons et al. 2006, PTP – Zhang et al. 2013), or are
based on a multi-species coalescent theory (BPP - Yang 2015, STACEY - Jones 2015). The
algorithm choice depends on the analyzed dataset and is a compromise of a kind. Single-locus

Fig 4. Schematic of the Barcoding Gap. The distribution of intraspecific variation (dark grey) and
interspecific divergence (light grey) in the (a) ideal world for barcoding, with discrete distributions and
no overlap. (b) An alternative version of the world with significant overlap and no gap. (from Mayer &
Paulay 2005).
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methods are suitable for the large-scale assessment of diversity (e.g., datasets produced by environmental sequencing), but they might err due to gene/species tree discordance. Methods using
multiple loci account for this problem, but they are computationally intensive and thus only
feasible for small datasets. For a detailed review of this topic see Leliaert et al. (2014)

1.2. Diatom ecology

Our understanding of diatom ecology is mainly based on the correlation between environmental variables and the composition of natural communities, which are identified using valve
morphology visible by light microscopy. However, the discovery of cryptic and pseudo-cryptic
species questioned the validity of such inferences and highlighted the need to re-evaluate diatom ecology in the context of newly discovered diversity. In addition, recent studies leave no
doubt that the dispersal of protists is often limited by geographical distance, similar to macroorganisms. To better understand the relationship between diatom species and the environment, it
is necessary to account for their biogeography (1.2.1), explore how to identify species (1.2.2),
and examine the functional expression of inter- and intraspecific genetic diversity (1.2.3).

1.2.1. Diatom biogeography

For a long time, scientist believed that small size and a large number of individuals in
protist populations promote frequent and unlimited dispersal (Finlay & Clarke 1999, Finlay et
al. 2002). The environment was thus considered to be the only factor determining their distribution. Nowadays, it is clear that protists, including diatoms, face dispersal limitations. There
are numerous lines of evidence concerning diatoms: i) many morphologically distinct species,
and even genera, have restricted geographical distributions (Vyverman et al. 1998, Vanhoutte
et al. 1999, Sabbe et al. 2001); ii) there is evidence for the human-mediated introduction of exotic diatom species (Harper 1994, Flöder & Kilroy 2009); iii) laboratory experiments showed
that most freshwater diatoms cannot withstand desiccation, which is a crucial prerequisite for
long-distance dispersal by wind and birds (Souffreau et al. 2010, 2013a); iv) in marine species,
hydrographic and geographic features drive diversification in the apparent continuum of the
world oceans (Tesson et al. 2014); and v) pronounced genetic differentiation among populations is typical of both freshwater and marine species (Evans et al. 2009, Casteleyn et al. 2010).
Dispersal shapes diatom distribution along with environmental heterogeneity, and the
relative influence of the two depends on geographical scaling (Fig. 5). Whereas environmental
filtering (or species sorting) shapes local communities, diversity on large geographic scales
is additionally affected by dispersal and historical factors (Soininen 2007, Vyverman et al.
2007, Heino et al. 2010). Ecological studies clearly need to account for dispersal limitations.
Moreover, it also has important implications for diatom-based bioassessment and nature conservation. Diatom-based metrics for water quality evaluation intended for use on large geographic scales (e.g. continents) are not precise. The metrics work better if they are based on
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local sampling (Potapova & Charles 2007). Diatom biogeography must be also considered in
nature conservation, which has to take measures to protect isolated areas against the introduction of exotic species (Harper 1994, Flöder & Kilroy 2009, Kaštovský et al. 2010).

Fig 5. Hypothesized relative influences of local biotic and abiotic factors and historical and evolutionary
factors on diatom community structure on different geographical scales. (from Soininen 2007).

1.2.2. Alternatives to human-based species identification

Human-based identification of diatoms is problematic because it is time-consuming and
requires great taxonomic expertise. In the case of cryptic species, identification is impossible.
Therefore, scientists nowadays seek alternatives to human-based morphological identification.
They use either (a) various molecular techniques, or (b) advanced shape analyses coupled with
automatic machine-learning algorithms.

Molecular species identification
The best-known approach to species identification based on molecular data is DNA-barcoding (Hebert et al. 2003). It uses a short DNA fragment to identify species according to the
reference database of annotated sequences. To establish effective DNA-barcoding for diatoms,
several studies tested the performance of candidate molecular markers in diverse monoclonal
diatom cultures (Evans et al. 2007, Mann et al. 2010, Moniz & Kaczmarska 2010, MacGillivary
& Kaczmarska 2011, Hamsher et al. 2011). The candidate markers that came out of these studies are partial sequences from the nuclear rDNA (part of the 28S,or 18S subunits, or the 5.8S
subunit plus the fragment of the internal transcribed spacer 2) and from the plastid-encoded
gene for the large subunit of the enzyme RUBISCO (rbcL). Some scientists suggested a dualbarcode consisting of two unlinked loci to minimize errors caused by discrepancies between
gene and species trees (MacGillivary & Kaczmarska 2011, Hamsher et al. 2011, Hamsher &
Saunders 2014).
Recently, several studies reported the use of diatom environmental DNA (eDNA). Unlike

10

Background

classical barcoding, which requires isolation of the specimen (monoclonal cultures or single
cells), eDNA enables scientist to track selected species or genera (Nanjappa et al. 2014) directly
in the environment without isolation or to study the composition of the entire community, i.e.,
metabarcoding. Use of the metabarcoding approach for diatoms has been already validated on
artificially assembled communities (Kermarrec et al. 2013b) as well as on natural diatom assemblages (Kermarrec et al. 2014, Visco et al. 2015, Zimmermann et al. 2015). All the studies
stressed that the major problem hindering effective use of eDNA barcoding is a low coverage
of taxa in reference databases. The proportion of genetically characterized species is 46–78%
in well-studied temperate regions but only 30–38% in tropical areas (Kermarrec et al. 2014,
Visco et al. 2015). Lower coverage was also encountered in oligotrophic habitats, which tend to
accommodate a higher number of rare taxa (Zimmermann et al. 2015).
Beside barcoding techniques, there is a range of molecular methods for species identification that are based on hybridization with a specific oligonucleotide probe, e.g., quantitative
PCR, fluorescence in-situ hybridization, whole-cell and sandwich cell hybridization assays and
microarrays (Bruce et al. 2015). These methods proved especially valuable for detection of
harmful diatoms (Miller & Scholin 2000, Antonella & Luca 2013, Shi et al. 2013). Other applications include detection of diverse ecological strategies of two pseudo-cryptic species of
Navicula phyllepta (Créach et al. 2006), examination of the spatial and temporal dynamics of
diatoms and dinoflagellates in marine samples (Godhe et al. 2008), and detection of selected
diatom biomarkers for water quality evaluation (Cimarelli et al. 2015).

Morphometrics and automatic identification
Morphological identification of diatom species is hampered by a large amount of subjectivity because it is only based on a vague comparison with existing taxa (Mann 2010, Mann &
Vanormelingen 2013). Although traditional morphometric data (e.g. length, width, and striae
density) are routinely collected, they are rarely compared using any statistical analysis. The valve
shape and striation pattern are only verbally described; however, both can be quantified using
geometric morphometrics, which has already proved to be an effective tool for the separation
of diatom taxa that are difficult to differentiate by visual means alone (e.g., Beszteri et al. 2005,
Poulíčková et al. 2010, English & Potapova 2012, Kermarrec et al. 2013, Pappas et al. 2014).
To achieve higher objectivity in species identification, data from geometric morphometrics as well as traditionally sampled metrics can be used for the automated computer-based
identification of species (Kelly et al. 2002). Machine-learning algorithms for image analysis and
clustering rapidly evolve with advances in computer science. Nowadays, both are used for plankton identification by flow cytometry (Sosik & Olson 2007, Drews et al. 2013, Xu et al. 2014).
In diatomology, use of these methods mainly progressed thanks to the Automated Diatom
Identification and Classification (ADIAC) project (Buf & Bayer 2002). This project examined
algorithms for automatic extraction of outlines and striation patterns as well as species classi-
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fication. The technical site of these topics received further attention since the ADIAC project

(Álvarez-Borrego & Solorza 2010, Luo et al. 2011), but only recently emerged a user-friendly
program SHERPA, which makes the methods accessible to general diatomists (Kloster et al.
2014).

1.2.3. Functional expression of genetic diversity

The diversity discovered by molecular methods initiated a discussion regarding its ecological meaning. Fenchel and Finlay (2006) warned that it might only represent neutral or nearly
neutral mutations that were accumulated in large protist populations and that are not translated
into physiological differences. Clearly, DNA sequence data alone provides little relevant biological information. If we are to understand the species place in nature, we need to examine their
phenotype and ecology (Boenigk et al. 2012). However, we are unable to infer the physiological
requirements and limitations of species by a simple correlation between occurrence and environmental variables because the distribution of species is also affected by biotic interactions and
dispersal (Cox 1993, Kelly et al. 2015). To understand the effect of intrinsic growth characteristics on species occurrence in nature, we need to complement observational ecological studies
with laboratory experiments (Cox 1993).
Cultivation under controlled conditions helps us to single out important environmental
factors and examine the physiological responses of individual clones. Laboratory experiments
were used to examine the behavior of selected diatom species in salinity (Clavero et al. 2000,
Vanelslander et al. 2009, Balzano et al. 2011), temperature (Kaeriyama et al. 2011, Souffreau et
al. 2013b, Huseby et al. 2013), and pH gradients (Cox 1993). Further research addressed species tolerance to toxins (Debenest et al. 2010), freezing and desiccation (Souffreau et al. 2010,
2013a), iron deficiency (Marchetti & Harrison 2007, Marchetti & Cassar 2009), or the ability
to utilize various forms of basic nutrients (Saros & Fritz 2000). These experiments showed that
even closely related species might differ in terms of their physiology. The growth response of
species has a bearing on distribution, but the relationship between the fundamental (measured)
niche and the realized niche is not always straightforward, i.e., species are not necessarily most
abundant in the optimal environmental conditions. In some cases, tolerance is a better predictor
of species occurrence than optimal growth (Clavero et al. 2000, Souffreau et al. 2010).
Beside species-specific physiological responses, most studies also showed significant differences between clones of the same species (Clavero et al. 2000, Saravanan & Godhe 2010).
The intraspecific variation likely has a genetic and/or epigenetic basis. High genetic diversity
has been repeatedly found in diatom populations and diatom species often comprise genetically
diverse, geographically structured meta-populations (e.g., De Bruin et al. 2004, Rynearson et al.
2009, Evans et al. 2009, Tesson et al. 2014, Vanormelingen et al. 2015). Furthermore, Kräbs and
Büchel (2011) showed that the epigenetic changes imposed by local environmental conditions
affect the physiological responses of cells.
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In most cases, physiology is measured by biomass growth, which is assessed by simple

cell counting, qPCR, or chlorophyll a fluorescence techniques. Beside biomass estimation, the
last method can also be used as a proxy for “health” and primary productivity (Consalvey et al.
2005). A different approach to evaluate the physiological status of species represents the “omics”
techniques, mainly transcriptomics and metabolomics, which provide a mechanistic link between the genotype and phenotype. Currently, they can be used from the single-cell (Shi et
al. 2013) up to the entire community level (Alexander et al. 2015). Both transcriptomics and
metabolomics have already been used on diatoms; however, the field is still in its infancy, mainly
due to the lack of reference genomes and transcriptomes, which are needed to decipher the
organismal response.
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2. Research objectives of the thesis
This thesis attempted to address some of the taxonomical and ecological questions that
have arisen with the discovery of hidden diatom diversity. The following questions are thus central to the papers that form the thesis.
1. How can we effectively explore diatom diversity?
All four papers used molecular data to set species limits. In paper I, we used isolates from
the genus Frustulia to examine molecular markers suggested as diatom barcodes. These markers
aided description of two new species (paper II), and the two markers with the best performance
were used to examine the diversity of the genus Frustulia in northern Europe (paper III). In
paper IV, we delineated species from the complex Eunotia bilunaris/flexuosa using five molecular
markers and four different algorithms for DNA-based species delimitation. In line with the
unified species concept, we examined further evidence to support species delimitation: morphology (paper I, II, and III) and ecology (paper III and IV).
2. What are the implications of discovered genetic diversity for diatom ecology?
We used two different approaches to examine the ecology of the species. In paper III, we
investigated the realized niches of Frustulia species from northern Europe. Specifically, strains
were assigned to species based on molecular data. The morphological characteristics of species
were used to train an automatic computer-based classifier, which then identified cells from
natural diatom communities. Species occurrence was used to infer their ecological preferences
and distributions. In paper IV, we experimentally determined the pH preferences of strains belonging to 15 species of the Eunotia bilunaris-flexuosa species complex. We examined intra- and
interspecific variance in pH responses and their relationship to the species’ realized niches.
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DNA-barcoding: A case study in the diatom genus Frustulia
(Bacillariophyceae)
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Abstract: Frustulia was used as a model genus to test four candidate markers (D1-D2 LSU rDNA,
V4 SSU rDNA, rbcL-3P, and COI-5P) for DNA barcoding of diatoms. The Frustulia strains
included in the study were primarily isolated from Europe and New Zealand. In agreement with
previous reports, the results suggest that a dual-locus barcode comprising a partial sequence of
the large ribosomal subunit (LSU) and a partial sequence of the large subunit of ribulose-1,5bisphosphate carboxylase/oxygenase (rbcL) is the best option for DNA barcoding of diatoms.
Unfortunately, this approach is limited by the lack of a distinct barcode gap for these markers.
Overall, the results of this study suggest that Frustulia species cannot currently be resolved
without the use of additional non-molecular evidence. Effective use of DNA barcoding will
require a better understanding of the mechanisms that generate and maintain genetic diversity
in diatoms.
Keywords: diatom, Frustulia, DNA barcoding, D1-D2 LSU, rbcL-3P, V4 SSU, COI-5P

Introduction

DNA barcoding uses short DNA fragments (400–600 bp) to diagnose species (Hebert
et al. 2003). Considering the increasing availability of DNA sequencing, DNA barcoding is a
promising method of species identification for both basic and applied research. Although the
feasibility of DNA barcoding has been demonstrated in well-studied groups of organisms (Barrett & Hebert 2005, Ward et al. 2005, Baker et al. 2009), limited knowledge of the other groups
of organisms currently hinders its use for species identification (Meyer & Paulay 2005, Meier
et al. 2006, Trewick 2008). This problem is especially evident for many protist groups;despite
their undisputed ecological and economic importance, these organisms are still poorly characterized (McManus & Katz 2009, Stern et al. 2010). Only a small fraction of the diversity of
diatoms, which may include up to 200,000 species (Mann & Droop 1996), has been described
to date. In poorly characterized groups such as the diatoms, DNA barcoding may be used as a
tool for discovery of yet undescribed diversity (Hebert et al. 2004, Mann et al. 2010). However,
opposition to the use of DNA barcoding for species delineation has emerged; in general, its
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opponents warn against replacement of an integrative taxonomical approach with typological

utilization of a single molecular marker (Will & Rubinoff 2004, DeSalle et al. 2005, Prendini
2005). At present, DNA barcoding is envisioned as a method to pinpoint potential new lineages
that merit further exploration (Moniz & Kaczmarska 2009, Mann et al. 2010), rather than a
panacea to the species concept dispute (Mann 1999, 2010).
Some advances towards effective DNA barcoding in diatoms have been already made.
Several candidate barcode markers have been tested on datasets spanning the taxonomical distance from a single genus (Evans et al. 2007, Trobajo et al. 2011) to a whole class of diatoms
(Moniz & Kaczmarska 2009, 2010, Pniewski et al. 2010, Hamsher et al. 2011, Zimmermann

et al. 2011, Luddington et al. 2012), up to the distance across the entire range of algal or protist
diversity (Sherwood & Presting 2007, Wylezich et al. 2010). Selection of a suitable barcode
marker generally follows two criteria, sometimes referred to as discriminatory power and universality. Whereas discriminatory power evaluates the ability of the marker to separate closely
related species, universality describes methodological issues such as the availability of universal
primers, the quality of obtained sequences, and problems related to sequence alignment (Hamsher et al. 2011). Currently, the best performing barcode markers for diatoms are as follows:
(i) the 3’ end of the large subunit of the rbcL (rbcL-3P), (ii) a 540 bp fragment situated 417 bp
downstream of the start codon of the rbcL (540 bp rbcL), (iii) the 5’ end of the mitochondrial
cytochrome c oxidase I gene (COI-5P), (iv) a partial sequence of the large ribosomal subunit
(D1-D3 LSU, usually either D1-D2 or D2-D3), and (v) the V4 sub-region of the small ribosomal subunit (V4 SSU) (Evans et al. 2007, Moniz & Kaczmarska 2009, 2010, Hamsher
et al. 2011, MacGillivary & Kaczmarska 2011, Trobajo et al. 2011, Zimmermann et al. 2011,
Luddington et al. 2012). The 5.8S gene combined with the second internal transcribed spacer
is also a potential barcode marker for diatoms; however, even though this marker displayed
sufficient universality and good discrimination power when assessed using a dataset comprising a wide range of diatom taxa (MacGillivary & Kaczmarska 2011), it was rejected in several
studies due to substantial intra-clonal diversity that hampered alignment of even closely related
lineages (Behnke et al. 2004, Poulíčková et al. 2010, Trobajo et al. 2011). The universal plastid
amplicon, the entire sequence of the small ribosomal subunit, and the entire sequence of the
large subunit of rbcL are unsuitable for DNA barcoding. Sequencing of the latter two markers
requires several internal primers; therefore, these markers fail to satisfy the universality criterion.
The universal plastid amplicon, which was suggested as a marker for all eukaryotic algae and
cyanobacteria (Sherwood & Presting 2007), has low discriminatory power; this marker achieved
only 20% success for diatom species identification in a previous study (Hamsher et al. 2011).
In this study, we attempted to select markers for screening species diversity within the
diatom genus Frustulia. The performance of four candidate barcode markers (D1-D2 LSU,
V4 SSU, COI-5P, and rbcL-3P) was examined using selected European isolates that were previously used by Veselá et al. (2012), as well as new strains from more recently sampled locations
in Europe, New Zealand, and sub-Antarctic Marion Island.
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Materials and methods

The selected Frustulia strains previously used by Veselá et al. (2012) were included in this
study. A number of new strains isolated from samples collected in New Zealand, Greenland,
Marion Island, and several European locations were also included (Table 1). Isolation and cultivation of the strains was performed as described by Veselá et al. (2012). The frozen biomass
and voucher materials have been stored in the Laboratory of Phycology, Department of Botany,
Charles University in Prague, Czech Republic.
The D1-D2 LSU sequences (552–687 bp) were used to provide an initial estimate
of the genetic diversity of the Frustulia strains examined. Veselá et al. (2012) initially used
primers D1R and D2C, which were suggested by Trobajo et al. (2009) to amplify
D1-D2 LSU. However, due to their low specificity, these primers often amplified heterotrophic
culture contaminants. Consequently, the D1R and D2C primers were only used by Veselá et al.
(2012) to obtain partial sequences that aided the design of specific primers, namely LSU-DF1
and LSU-740DR. The wider applicability of these primers was tested in silico by analyzing
the collection of diatom sequences available in the GenBank database. DNA amplification
and sequencing of the D1-D2 LSU marker was performed using the LSU-DF1 and LSU740DR primers, as described previously (Veselá et al. 2012). Raw sequences were edited using
SeqAssem software (SequentiX, Klein Raden, Germany) and screened for ambiguous
positions according to the method described by Beszteri et al. (2005). Proper codes were
used in the alignment and ambiguous positions were deleted in individual pairwise sequence
comparisons. Unique sequences were manually aligned and then analyzed using MEGA 4
software (Tamura et al. 2007). The final alignment spanned 648 bp and contained two indels.
Identification of molecular operational taxonomic units (MOTUs) was based on the similarity
matrix of the uncorrected pairwise distances (p-distances) calculated using MEGA 5 software
(Table 2). The p-distances within and between species were visualized using the neighborjoining clustering algorithm. After examination by both light microscopy and scanning electron
microscopy, the MOTUs were identified to the species level according to recent diatom monographs (Lange-Bertalot 2001, Beier & Lange-Bertalot 2007).
Strains used to evaluate the V4 SSU, COI-5P, and rbcL-3P molecular markers were
selected on the basis of the D1-D2 LSU MOTUs. The intention of the selection method was
to cover intra-MOTU sequence variability and include allopatric strains. This approach was
designed to minimize the risk of overlooking cryptic lineages that are not diversified in D1-D2
LSU rDNA but are potentially identifiable by the more divergent COI-5P and rbcL-3P markers (Amato et al. 2007, Hamsher et al. 2011).
The COI-5P marker (632–697 bp) was amplified and sequenced using DiamF3 (Hamsher et al. 2011) and KEdtmR (Evans et al. 2007) primers. The PCR profile was identical to
that used by Hamsher et al. (2011), with the exception that the initial denaturation was extended to 10 min, as required for use of AmpliTaq Gold DNA polymerase (Applied Biosystems,
California, USA). The rbcL-3P marker (763 - 865 bp) was amplified and sequenced using cfD
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(Hamsher et al. 2011) and DPrbcL7 (Levialdi Ghiron 2006) primers. The PCR profile was as

follows: 95°C initial denaturation for 10 min; 40 cycles of 94°C for 1 min, 48°C for 1 min, and
72°C for 2 min 30 s; and a final extension of 72°C for 10 min. The V4 SSU marker (397 bp)
was selected in silico from the entire SSU sequence (1681–1739 bp); this region was amplified
using the 34F primer (Thüs et al. 2011) and the ITS5-DR primer (CCT TGT TAC GAC TTC
ACC TTC C), which was designed based on alignment of diatom ITS1 sequences available in
the GenBank database. The 528F, 536R, 1055F, and 1055R internal primers (Montresor et al.
2004) were also used for sequencing. The PCR profile was: 94°C initial denaturation for 10 min;
35 cycles of 95°C for 1 min, 51°C for 1 min, and 72°C for 2 min; and a final extension of 72°C

for 10 min. The SSU sequence of Frustulia vulgaris (Twaites) De Toni was obtained from GenBank (AM502038).
The sequences of the rbcL-3P, COI-5P, and V4 SSU markers were analyzed in the same
way as the D1-D2 LSU marker; raw sequences were screened for ambiguities and aligned,
p-distances and number of base-pair differences matrices were constructed (Tables 2 and 3),
and then neighbor-joining phylograms were generated.

Results

A total of 14 MOTUs were identified based on the variability of the D1-D2 LSU
sequences across the Frustulia isolates studied (Tables 1 and 2, Fig. 1). According to their morphology, six of these MOTUs were recognized as previously described species: (1) F. aotearoa
Beier & Lange-Bertalot, (2) F. cassieae Lange-Bertalot & Beier, (3) F. erifuga Lange-Bertalot
& Krammer, (4) F. gondwana Lange-Bertalot & Beier, (5) F. maoriana Lange-Bertalot & Beier,
and (6) F. vulgaris (Twaites) De Toni. One of the MOTUs from New Zealand is very likely conspecific with New Zealand populations that were reported previously (Beier & Lange-Bertalot
2007, Kilroy 2007). However, due to uncertainty about the conspecificity of these populations
with the holotype population, it was treated as F. cf. magaliesmontana Cholnoky (for a detailed
discussion see Beier & Lange-Bertalot 2007). Two of the identified MOTUs were morphologically distinct from Frustulia species described so far; these lineages have been reported previously but have not yet been officially described. Therefore, they were named according to the
original reports as F. spA (Kilroy 2007) and F. spB (Urbánková 2011). Species F. spB previously
appeared in Veselá et al. 2012 - as F. rhomboides var. crassinervia lineage II. The remaining five
lineages (herein labeled III–VII) had an uncertain taxonomical ranking within the complex of
pseudocryptic lineages that comprises nominal species F. crassinervia (Brebisson) Lange-Bertalot & Krammer and F. saxonica Rabenhorst. Lineages III–VI have recently been examined using
a multidisciplinary approach (Veselá et al. 2012, therein treated as F. rhomboides (Ehrenberg)
De Toni sensu lato). Lineage VII from New Zealand fell within this cluster according to both
morphology and molecular phylogeny.
The LSU-DF1 and LSU-740DR primers successfully amplified D1-D2 LSU in almost
all strains examined; failure of these primers to amplify D1-D2 LSU in a few strains was most
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Table 1. List of Frustulia strains, including the date and locality of collection. GenBank accession numbers for all tested markers are shown. Strains are grouped into D1-D2 LSU-based MOTUs that were
named according to the morphotypes of strains. Information regarding ambiguous nucleotide positions
in the D1-D2 LSU marker (number of ambiguities in individual sequences / total number of ambiguous
positions in a particular MOTU) is shown in parentheses. A dash (-) indicates an unsuccessful amplification; “na” indicates amplifications that were not attempted.
Strain

Locality

F. crassinervia lineage III (2-5/6)

Date

D1-D2 LSU

GeneBank accessions
V4 SSU
rbcL-3P

COI-5P

F237
F350

Akvitaine (FR)
Connemara (IE)

2010
2010

HE601712
HE601712

na
HF562290

HF562235
HF562235

HF562259
HF562258

F28
F219
F259

Abisko (SE)
Azoren Islands (PT)
Akvitaine (FR)

2008
2009
2010

HE601713
HE601713
HE601714

na
na
HF562292

HF562236

-

F45
F277
NZ14
BB2
20-2F
20-2E
21-9B

Akvitaine (FR)
Kerry (IR)
South Island (NZ)
Greenland (DK)
Bornholm (DK)
Bornholm (DK)
Bohemia (CZ)

2009
2010
2010
2011
2011
2011
2011

HE601723
HF562291
HF562237
HE601721
na
na
HE601716
na
HE601721
na
HF562238
HE601721
na
HF562238
HF562272
na
HF562272
na
HF562239
HF562260
+ HE601715 - HE601724 (Veselá et al.2012)

2011
2010
2010
2011
2011
2011

HE601733
HF562294
HF562240
HF562255
HE601733
na
HF562241
HF562273
na
HE601733
na
HE601733
na
partial
HF562257
HE601733
na
HF562240
HF562257
+ HE601725 - HE601733 (Veselá et al. 2012)

South Island (NZ)
South Island (NZ)
South Island (NZ)
South Island (NZ)
South Island (NZ)
South Island (NZ)
South Island (NZ)

2010
2010
2010
2010
2010
2010
2010

HF562275
HF562276
HF562276
HF562278
HF562278
HF562276
HF562277

na
HF562293
na
na
na
na
na

na
HF562242
HF562243
na
na
na

na
HF562262
na
na
na

Bohemia (CZ)
Beara (IE)

2009
2010

HE601709
HE601710

HF562295
na

HF562244
HF562245

-

F. crassinervia-saxonica lineage IV (2-3/3)

F. crassinervia-saxonica lineage V (1-4/4)

F. crassinervia-saxonica lineage VI (0-5/8)
19-2B
NZ136
NZ176
AD9
22-4E
24-2F

Bornholm (DK)
South Island (NZ)
South Island (NZ)
Akvitaine (FR)
Bohemia (CZ)
Bohemia (CZ)

F. saxonica lineage VII (0-2/4)
NZ17
NZ33
NZ34
NZ39
NZ103
NZ139
NZ144
NZ169
NZ184

F. erifuga (0)
F197
F380

South Island (NZ)
South Island (NZ)

2010
2010

HF562279
HF562274

na
na

na
HF562254

na
-
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F. gondwana (5/5)
NZ22
NZ24
NZ37

South Island (NZ)
South Island (NZ)
South Island (NZ)

F. aotearoa (0)

NZ177
NZ188

F. spA (0)
NZ13

NZ30
F. spB (1/1)
F378
F381

F. cassieae (0)
NZ190

F. vulgaris (0)

MIC10-15
MIC10-38
AT-108Gel03

GeneBank accessions
V4 SSU
rbcL-3P

COI-5P

HF562284
HF562284
HF562284

na
HF562288

HF562246
HF562246

HF562263
HF562263

2010
2010
2010
2010
2010

HF562268
HF562270
HF562271
HF562269
HF562271

na
na
HF562296
na
na

HF562247
na
HF562247
na
HF562247

HF562264
na
HF562264
na
HF562264

South Island (NZ)
South Island (NZ)

2010
2010

HF562280
HF562280

na
HF562287

HF562248
HF562248

HF562265
HF562265

South Island (NZ)
South Island (NZ)

2010
2010

HF562281
HF562281

HF562286
na

HF562249
partial

HF562266
-

South Island (NZ)

2010

HF562282

-

-

HF562250

HF562267

Beara (IE)
Beara (IE)

2010
2010

HE601711
HE601711

HF562297
na

HF562251
HF562251

HF562261
HF562261

South Island (NZ)

2010

HF562283

HF562289

HF562252

-

Marion Island (ZA)
Marion Island (ZA)
GenBank

2012
2012
na

HF562285
HF562285
na

na
na
AM502038

HF562253
HF562253
na

HF562256
na

South Island (NZ)
South Island (NZ)
South Island (NZ)
South Island (NZ)
South Island (NZ)

F. cf. magliesmontana (0)
NZ159
NZ162

D1-D2 LSU

2010
2010
2010

F. maoriana (2-4/4)

NZ27
NZ32
NZ35
NZ36
NZ44

Date
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South Island (NZ)

2010

HF562282

-

-

likely caused by low DNA concentration. Two problems were encountered during analysis of the
D1-D2 LSU sequencing data. First, the presence of intra-clonal polymorphism in the D1-D2
LSU region (up to five ambiguous positions per sequence; Table 1) meant that careful sequence
editing was necessary. Second, unambiguous nucleotide homologization within a 50 bp stretch
of the alignment was complicated by the presence of an indel and adjacent variable positions in
the loop of stem C1 (Poulíčková et al. 2010). However, since the latter problem did not complicate resolution among closely related lineages, these positions were retained in the alignment.
The V4 SSU region was selected in silico from the entire SSU sequence. Amplification
of the entire SSU sequence was successful for all strains, except those belonging to the F. spA
lineage. Considering that we were able to localize exact sequences of the primers proposed by

0.013-0.015

0.015-0.017

0.041-0.047

0.028-0.029

0.071-0.073

0.091-0.094

0.066-0.068

0.069

0.094

0.079

0.108-0.110

0.102-0.104

(62-63)

0.007-0.008

(4-5)

0.016-0.020

(10-12)

0.021-0.027

(13-16)

0.046-0.054

(27-32)

0.031-0.036

0.072-0.077

0.096-0.100

0.069-0.072

0.073-0.078

0.097-0.100

0.079-0.082

0.108-0.114

0.105-0.110

(64-67)

F. crassinervia-saxonica
lineage V

F. crassinervia-saxonica
lineage IV

F. saxonica
lineage VII

F. crassinervia
lineage III

F. vulgaris

F. cassieae

F. spA

F. aotearoa

F. cf. magaliesmontana

F. erifuga

F. gondwana

F. spB

(57-60)

(48-51)

(58-61)

(47-48)

(42-44)

(55-58)

(44-47)

(18-21)

0.000

(0-2)

F. maoriana

0.000

<0.003

F. crassinervia-saxonica
lineage VI

(57-58)

(48)

(57)

(42)

(41-42)

(53-54)

(43-44)

(16-17)

(25-28)

(9-10)

(8-9)

(0)

(0)

lineage V

lineage IV

D1-D2 LSU/ V4 SSU

(64-68)

0.105-0.112

(62-65)

0.119-0.123

(49-51)

0.081-0.085

(62-63)

0.101-0.105

(44-45)

0.072-0.075

(43-47)

0.071-0.077

(54-56)

0.093-0.098

(44-47)

0.073-0.077

(20-23)

0.035-0.040

(26-31)

0.043-0.052

(12-15)

0.020-0.025

(0-1)

<0.002

(0)

0.000

(0)

0.000

lineage VI

(60-62)

0.098-0.103

(57-60)

0.108-0.113

(43-44)

0.070-0.073

(58-59)

0.095-0.098

(38-40)

0.063-0.067

(42-44)

0.069-0.073

(52-53)

0.089-0.091

(47-49)

0.077-0.082

(18-21)

0.031-0.037

(23-28)

0.039-0.047

(0-2)

<0.003

(2)

0.005

(2)

0.005

0.007

(64-66)

0.105-0.110

(60-62)

0.114-0.117

(46-49)

0.076-0.082

(59)

0.092-0.098

(40-43)

0.066-0.072

(41-44)

0.068-0.073

(54-56)

0.093-0.098

(52-56)

0.086-0.093

(20-23)

0.034-0.041

(0)

0.000

(3)

(53-55)

0.092-0.094

(51-52)

0.097-0.099

(41-42)

0.071-0.072

(51-52)

0.089-0.090

(36)

0.062-0.064

(35-36)

0.060-0.063

(50-51)

0.088

(42-43)

0.072-0.076

(0)

0.000

(0)

0.000

(3)

(5)

0.007

(5)

0.012

(5)

0.012

(5)

0.012

F. maor.

0.012

(5)

0.012

(5)

0.012

0.005
(2)

lineage III

lineage VII

(68-69)

0.111-0.112

(58-59)

0.109-0.110

(59-60)

0.097-0.098

(72-73)

0.118-0.119

(51-52)

0.084-0.086

(28-29)

0.046-0.047

(39-40)

0.067-0.068

(0)

0.000

(5)

0.012

(5)

0.012

(6)

0.015

(7)

0.017

(7)

0.017

(7)

0.017

F. spB

(76)

0.129

(74)

0.14

(66)

0.113

(74)

0.127

(55)

0.095

(33-34)

0.056-0.058

(0)

0.000

(1)

0.002

(4)

0.01

(4)

0.01

(5)

0.012

(6)

0.015

(6)

0.015

(6)

0.015

F. gond.

66-67

0.107-0.109

60-61

0.112-0.114

(54-55)

0.088-0.090

(71-72)

0.116-0.118

(49)

0.081

(1)

0.002

(0)

0.000

(1)

0.002

(4)

0.01

(4)

0.01

(5)

0.012

(6)

0.015

(6)

0.015

(6)

0.015

F. erif.

(60)

0.099

(62)

0.117

(44)

0.072

(52)

0.086

(0)

0.000

(7)

0.017

(7)

0.017

(8)

0.019

(9)

0.022

(9)

0.022

(10)

0.024

(12)

0.029

(12)

0.029

(12)

0.029

F. cf. mag.

(68)

0.107

(60)

0.113

(35)

0.057

(0)

0.000

(9)

0.022

(8)

0.019

(8)

0.019

(9)

0.022

(11)

0.027

(11)

0.027

(10)

0.024

(9)

0.022

(9)

0.022

(9)

0.022

F. aote.

(59)

0.096

(55)

0.103

(0)

0.000

-

-

-

-

-

-

-

-

-

-

-

F. spA

(54)

0.098

na

-

(13)

na

(5)

0.012

-

(13)

(5)

0.032

0.032

(6)

0.012

(10)

0.024

(10)

0.024

(11)

0.027

(10)

0.024

(10)

0.024

(13)

0.032

(15)

0.036

(15)

0.036

(15)

0.036

F. vulg.

0.015

(11)

0.027

(11)

0.027

(12)

0.029

(12)

0.029

(12)

0.029

(11)

0.027

(13)

0.032

(13)

0.032

(13)

0.032

F. cass.

Table 2. Pairwise comparison of D1-D2 LSU (lower left) and V4 SSU (upper right) sequences: p-distances (number of base-pair differences). Incongruences
with D1-D2 LSU-based MOTUs are outlined by a solid line.
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F. vulgaris

F. cassieae

F. spA

F. cf. magaliesmontana

F. aotearoa

F. spB

F. gondwana

F. erifuga

F. maoriana

0.215

(130)

(129-132)

(111)

(108-109)

0.213-0.218

0.182

0.177-0.178

-

(116-122)

(116-124)

-

0.191-0.193

0.192-0.196

(93-98)

(93-99)

(116)

0.153-0.155

0.150-0.155

(108-109)

(101)

(102-103)

0.190

0.160

0.161-0.163

0.190-0.192

-

(94)

(95-96)

-

0.148-0.149

0.150-0.152

(83-87)

(84-95)

F. crassinervia
lineage III

0.137-0.138

(56)

(53-54)

F. saxonica
lineage VII

0.139-0.141

0.088

0.084-0.085

na

(2-5)

-

-

-

-

-

-

-

-

-

-

-

-

na

0.016-0.017

<0.004 (0-3)

0.003-0.005

-

(13)

(1-5)

< 0.005 (0-3)

(12-14)

0.017

0.001-0.006

< 0.005 (0-5)

lineage IV

lineage V

lineage VI

-

F. crassinervia-saxonica
lineage IV

F. crassinervia-saxonica
lineage V

F. crassinervia-saxonica
lineage VI

COI-5P/ rbcL-3P

(17-19)

0.021-0.025

(18)

0.023

lineage III

(20-21)

-

0.000 (0)

(17)

0.000 (0)

0.021-0.022

(114-116)

0.188-0.191

(99-104)

0.163-0.165

(90-96)

(109)

0.179

(84-91)

0.138-0.144

(87)

0.149-0.152 0.137-0.138

-

(71-78)

0.002 (1)

0.117-0.123

0.000 (0)

0.025-0.026

(20)

0.026

(17-20)

0.021-0.025

(19)

0.024

F. maor.

(129)

0.213

-

(103)

0.169

(112-119)

(136-137)

0.225-0.226

-

(109)

0.179-0.180

(102-108)

(120)

0.198

-

(101)

0.179

(106-114)

0.185-0.188 0.169-0.171 0.175-0.180

(109)

0.179

(94-98)

0.154-0.155

(97)

0.153

-

(96)

0.152

(93-96)

0.152-0.153

(19-21)

0.024-0.027

0.003 (2)
na

(10-14)

(15-17)

0.020-0.022 0.013-0.018

(18-22)

0.023-0.028

(19-21)

0.024-0.026

lineage VII

-

-

-

-

-

-

(109)

0.180

-

(88)

0.144

(91-96)

0.150-0.152

(87)

0.152

(54-55)

0.087-0.089

0.000 (0)

0.000 (0)

(127)

0.210

-

(96)

0.157-0.158

(102-106)

0.167-0.168

(100)

0.164

(108)

0.178

-

(100)

0.164

(98-99)

0.162-0.163

na

0.000 (0)

(33-46)

0.057-0.071

0.000 (0)
0.000 (0)

(32-44)

0.055-0.067

(34-45)

0.055-0.074

(24-36)

0.045-0.050

(20-31)

0.037-0.046

(28-42)

0.050-0.063

(25-35)

0.046-0.053

(23-38)

0.045-0.050

(22-37)

0.044-0.050

F. aote.

(7)

0.009

(12-13)

(11-12)

-

0.015-0.016

0.014-0.015

>0.004 (3)

(41)

0.052

(39-40)

0.050-0.051

(40-42)

0.050-0.053

(44)

0.058

(41-42)

0.052-0.053

(39-42)

0.049-0.053

F. spB

(41)

0.052

(39-40)

0.050

(40-42)

0.050-0.053

(43)

0.056

(41-42)

0.052-0.053

(39-42)

0.049-0.053

F. gond.

(41-42)

(39-41)

0.052-0.053

0.050-0.052

(40-43)

0.050-0.054

(44-45)

0.058-0.059

(39-42)

0.049-0.053

(38-41)

0.048-0.052

F. erif.

(119)

0.196

-

(88-89)

0.162-0.163

(127)

0.210

-

-

(61-64)
-

na

0.000 (0)

(64)
0.077-0.089

na

0.089

(73-74)

0.092-0.093

(34-60)

0.071-0.076

(64)

0.081

(63)

0.079

(63-66)

0.079-0.083

(61)

0.077

(61-64)

0.079-0.081

(71-73)

0.089-0.092

(64)

0.084

(63-66)

0.079-0.083

(64)

0.081

F. vulg.

(51)

0.071

na
na

(66)

0.083

(29-47)

0.059-0.061

(57-58)

0.072-0.073

(59)

0.074

(58-59)

0.073-0.074

(60)

0.065

(57-59)

0.074

(63-64)

0.079-0.81

(58)

0.076

(58)

0.060-0.061

(57-59)

0.072-0.074

F. cass.

(55)

0.078

0.000 (0)
0.000 (0)

(31-44)

0.061-0.077

(47)

0.065

(48)

0.067

(48)

0.067

(47)

0.065

(47)

0.065

(45-46)

0.062-0.064

(43)

0.062

(43-44)

0.060-0.061

(42-45)

0.058-0.062

F. spA

(37-49)

0.062-0.078

(67-68)

0.085-0.086

(67-68)

0.085-0.086

(65-69)

0.082-0.087

(59-60)

0.075-0.076

(51-53)

0.066-0.067

(57-60)

0.072-0.076

(50-51)

0.066-0.067

(55-57)

0.070-0.072

(54-57)

0.068-0.072

F. cf. mag.

Table 3. Pairwise comparison of COI-5P (lower left) and rbcL-3P (upper right) sequences: p-distances (number of base-pair differences). Incongruences with
D1-D2 LSU-based MOTUs are outlined by a solid line.
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Fig. 1. Unrooted neighbor-joining tree for the D1-D2 LSU (left) and V4 SSU (right) markers, based
on p-distances.

Zimmermann et al. (2011), amplification of V4 SSU in the genus Frustulia should not present
any major obstacles.
The COI-5P sequence was amplified using the Diam-F3 and KEdtmR primers; these
primers displayed the highest universality (35%) in a previous study (Hamsher et al. 2011). In
the current study, universality was 49% (19 of 39 strains) among all taxa and reached 70% (14 of
20 strains) following elimination of the 19 sequences of strains belonging to the closely related
semicryptic lineages IV–VII, for which amplification was mostly unsuccessful (Table 1). Failure of the Diam-F3 and KEdtmR primers to amplify COI-5P in closely related lineages may
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Fig. 2. Unrooted neighbor-joining tree for the rbcL-3P (left) and COI-5P (right) markers, based on
p-distances. An asterisk indicates partial sequences. D1-D2 LSU-based MOTUs that were not resolved
by these markers are outlined by a dashed line.

have been caused by a common mutation in one of the primer-binding sites. In addition, these
primers often amplified culture contaminants, which decreased the quality of the sequences
obtained.The cfD + DPrbcL7 primers were used to amplify rbcL-3P. Although Hamsher et al.
(2011) reported 92% amplification success with this primer pair, only 77% (30 of 39) of the
strains included in this study were successfully amplified. The lower success rate achieved in this
study was caused by poor performance of the primers in lineages IV–VII (similar to COI-5P).
Exclusion of these lineages increased the amplification success to 95% (19 of 20 strains examined) (Table 1).
The smallest distance between two MOTUs in the D1-D2 LSU dataset was p = 0.007
differences per site (diff./site). This distance was greater than the divergence within MOTUs
(p ≤ 0.003 diff./site; Table 2) and exceeded the highest divergence encountered between sexually
compatible strains, which was p = 0.005 diff./site in Pseudo-nitzschia pseudodelicatissima (Hasle)
Hasle (Amato et al. 2007; comparison of GenBank entries AY550126.1 and AY550127.1
trimmed to fit our dataset) and p = 0.004 diff./site in Nitzschia palea (Kützing) W. Smith
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(Trobajo et al. 2009). The remaining Frustulia MOTUs were separated by p-distances ranging

from p = 0.013 to p = 0.129 diff./site.
Divergence of the entire SSU rDNA region is low (Evans et al. 2007, Moniz & Kaczmarska 2009); therefore, V4 SSU sequences were obtained for only a single representative
D1-D2 LSU-based MOTU. The V4 SSU marker failed to separate semicryptic lineages IV–VI.
In addition, two other sets of morphologically and geographically distinct MOTUs, namely
F. gondwana vs. F. erifuga, and F. maoriana vs. F. crassinervia lineage III, could not be separated
(Fig. 1). The p-differences between the remaining MOTUs in the V4 SSU dataset ranged from
p = 0.003 to p = 0.036 diff./site (Table 2).

Divergence of COI-5P was the highest of all markers examined. With the exception of
lineages V and VI, the p-distances among amplified MOTUs ranged from p = 0.08 to p = 0.196
diff./site (Table 3). These distances exceeded the minimal inter-specific distance recorded for
Sellaphora species (p = 0.012 diff./site; Hamsher et al. 2011). The divergence among strains
belonging to lineages V and VI (p ≤ 0.008 diff./site) was similar to the highest intra-specific
divergences recorded for diatoms (Sellaphora: p = 0.008 diff./site, Evans et al. 2007; Nitzschia:
p = 0.01 diff./site, Trobajo et al. 2011). In addition, marker COI-5P did not separate strains
from lineages V and VI according to the D1-D2 LSU-based MOTUs (Fig. 2). Sequence
divergence of the rbcL-3P marker ranged from p = 0.009 to 0.093 diff./site. This divergence
was distinctly lower than that of the COI-5P marker and very similar (or slightly lower) to that
of the D1-D2 LSU marker (Table 3). Similar to the results obtained for COI-5P, the rbcL3P marker failed to discriminate lineages V and VI, which were recognized in LSU D1-D2
phylogeny as separate lineages (Fig. 1). There is no barcode gap for rbcL-3P (Hamsher et al.
2011); therefore, the divergence between strains from lineages V and VI (p = 0.006 diff./site)
may represent intra-specific variability or the presence of several, potentially cryptic, species.
The relatively high divergences within lineage VII (p = 0.005 diff./site) and F. erifuga (p = 0.004
diff./site) are similarly problematic.

Discussion

In this study, Frustulia was used as a model genus to examine the suitability of selected
candidate markers for DNA barcoding of diatoms. Similar to previous reports, none of the
potential markers included in this study displayed 100% universality and discriminatory power.
Although the amplification success of the COI-5P marker is relatively high when examining
closely related lineages (Evans et al. 2007, Trobajo et al. 2011), it drops dramatically when the
sampling is enhanced to cover the phylogeny of several genera (Moniz & Kaczmarska 2009,
Hamsher et al. 2011). In the current study, amplification of this marker from F. crassinervia-saxonica, which is geographically widespread and is the most abundant lineage of the whole genus,
was often unsuccessful. Therefore, despite its high discriminatory power, the COI-5P marker
is unsuitable for DNA barcoding, unless we find better primers. The opposite problem was encountered for the V4 SSU marker. Although this study and previous studies (Zimmermann et
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al. 2011, Luddington et al. 2012) demonstrated successful amplification of this marker from a

wide range of diatoms, its discriminatory power was low; specifically, the V4 SSU marker failed
to separate Frustulia morphospecies, which were otherwise clearly distinguished by the remaining markers. A similar problem has previously been reported for morphologically distinct species from several other genera (Zimmermann et al. 2011, Luddington et al. 2012). The V4 SSU
marker seems to be less sensitive than light microscope observations and is therefore unsuitable
for exploration of species diversity within the diatoms.
The remaining two markers included in this study, namely rbcL-3P and D1-D2 LSU,
displayed nearly similar variability across the genus Frustulia. Moreover, the primers used to

amplify these markers displayed adequate universality. Primers for the rbcL-3P region were designed or tested using taxa representing vast diatom diversity ( Jones et al. 2005, Levialdi Ghiron
2006, Hamsher et al. 2011). The universality of the primers used for amplification and sequencing of D1-D2 LSU were tested in silico on a dataset that also represented wide diatom diversity.
Furthermore, additional primers for this region, or the overlapping D2-D3 region, have been
reported in several previous studies (Trobajo et al. 2009, Wylezich et al. 2010, Hamsher et al.
2011). Use of D1-D2 LSU as a marker had only minor drawbacks. The first drawback was the
presence of an indel and adjacent highly variable nucleotides in the D2 domain; these features
hampered the alignment of a 50 bp stretch of the sequence from distantly related Frustulia species. While this problem did not affect resolution between closely related taxa and is not worsened by extended sampling (Hamsher et al. 2011), it should not complicate the use of partial
D1-D3 LSU rDNA sequences such as the D1-D2 (this study and Trobajo et al. 2011) or D2D3 (Hamsher et al. 2011) regions. The second drawback related to D1-D2 LSU is the relatively
high intra-clonal variability of some Frustulia strains (1–5 ambiguous positions; Table 1), which
forced us to screen all sequences visually. Unfortunately, omission of this time-demanding step
is problematic because it may impede the resolution of closely related lineages and detection of
hybrids (Sonnenberg et al. 2007). The presence of intra-clonal variability and the differing levels
of variability among lineages/species are noteworthy. Processes responsible for concerted evolution of numerous rDNA cistrons (e.g. intra-genomic homogenization, mutation rate, genetic
drift, and natural selection) depend on species-specific characteristics such as the frequency
of sexual reproduction, population size and structure (Alverson 2008, VanKuren et al. 2012).
Further investigation of the variable intra-clonal diversity between the closely related lineages in
this study may enable a better understanding of the attributes of sister species and the speciation
of diatoms.
The choice between the use of the rbcL-3P and D1-D3 LSU markers is complicated by
the fact that neither has a distinct barcode gap. A single base-pair divergence in rbcL-3P may
signify either intra- or inter-specific divergence (Hamsher et al. 2011). Moreover, introgression
of rbcL and failure of D1-D3 LSU to separate two sexually incompatible species has been reported (Amato et al. 2007). These problems may be partly overcome by the joint use of rbcL-3P
and D1-D3 LSU in a dual-locus barcode (Trobajo et al. 2009, Mann et al. 2010, Hamsher et al.
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2011). The use of this or an alternative dual-locus barcode (MacGillivary & Kaczmarska 2011)

will increase the robustness of conclusions drawn from DNA barcoding studies by combining information from different parts of the organismal genome. However, evidence from the
selected markers may be conflicting and assignment of the taxonomical status may therefore be
problematic, especially for closely related lineages (Alverson 2008, Degnan & Rosenberg 2009,
McManus & Katz 2009, Bittner et al. 2010).
One example of conflicting evidence from multiple barcode markers occurred in the current study; specifically, separation of lineages V and VI by D1-D2 LSU was not supported by
either the rbcL-3P or COI-5P markers. However, biological relevance of this separation has

been shown previously (Veselá et al. 2012). The varying abundances of lineage V and VI at
numerous localities across Europe suggest that they have different ecological preferences with
respect to pH, conductivity, and/or habitat type (Veselá et al. 2012). In addition, even though
considerable overlap in morphology complicates their unambiguous identification, geometric
morphometric analyses proved that lineages V and VI are significantly different. The remaining pseudocryptic F. crassinervia-saxonica lineages were separated by at least one additional
individual marker. Lineage III was separated by V4 SSU, COI-5P, and rbcL-3P; lineage IV was
separated by rbcL-3P; and lineage VII was separated by V4 SSU, COI-5P, and rbcL-3P. Unfortunately, the rare occurrence, scattered distribution, and/or limited sampling of lineages III, IV,
and VII did not enable inference of their ecological preferences. Additional evidence to support
diversification currently exists for lineage VII only. Despite extensive sampling in Europe, this
lineage has only been isolated from New Zealand. As it regularly occurred at high abundance
together with lineage VI, the absence of lineage VII in Europe cannot be explained by general
rarity or lack of suitable habitats (Vyverman et al. 1998, Sabbe et al. 2001). Moreover, considering the exceptionally high rate of diatom endemicity in Australasia (Vyverman et al. 1998,
Sabbe et al. 2001, Beier & Lange-Bertalot 2007), it is likely that the distribution of lineage VII
is geographically restricted to either this region or New Zealand alone. In spite of this evidence,
we decided not to elevate any of the pseudocryptic lineages to a specific status because their
morphologies overlapped with each other and/or with lineages V and VI (Veselá et al. 2012,
unpublished morphometric data for lineage VII) and also spanned at least two nominal species
(F. crassinervia and F. saxonica). The observed incongruence among tested markers could have
resulted from hybridization of lineages that are different ecotypes or geographically separated
populations of one species (potentially an incipient species if the gene flow is sufficiently reduced by incomplete sexual barriers, ecological selection, or geographic distance). Alternatively,
the phylogenetic patterns could have resulted from sexually incompatible species that retain ancestral polymorphism and similar morphology. Further independent evidence, such as microsatellite markers or data from mating or ecophysiological experiments, are required to determine
whether they are worthy of individual taxonomic recognition. The remaining Frustulia lineages,
which were separated by both D1-D2 LSU and rbcL-3P, were morphologically distinct and did
not display pseudocryptic diversity or conspecificity among morphospecies. However, this result
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may change if geographically or ecologically extended sampling recovers their closer relatives.

Based on the results of this study, we concur with use of a dual-locus barcode comprising
partial rDNA sequences, such as the D1-D2 LSU region (Trobajo et al. 2011) or the D2-D3
LSU region (Hamsher et al. 2011), and either rbcL-3P (Hamsher et al. 2011) or the 540-bp
rbcL fragment (MacGillivary & Kaczmarska 2012). Notably, the difficulties associated with assigning taxonomical status to closely related lineages belonging to the species complex F. crassinervia-saxonica that were encountered in this study highlight the dynamic nature of diatom
species. This dynamicity causes ongoing controversy regarding the species concept (Mann 1999,
2010). Mann (2010) suggested acquisition of the “Unified Species Concept” sensu de Queiroz

(2007). According to this concept, diatom species are viewed as separately evolving lineages
that gradually acquire specific attributes such as distinctive morphology, ecology, or reciprocal
monophyly (de Queiroz 2007). Only reciprocal monophyly is used for identification and delineation of species by barcoding techniques; therefore, the “species problem” cannot be solved by
DNA barcoding alone. However, better insights into the mechanisms that generate and maintain genetic variability may simplify and improve the decision making process. In particular,
research that addresses population genetics, biogeography, or ecological differences among sister
lineages may contribute to our understanding of the speciation mechanisms in diatoms and
other protists (DeSalle et al. 2005, Trewick 2008, Baker et al. 2009, Monaghan et al. 2009). The
knowledge gained from these studies could be incorporated into algorithms for the screening
of diatom diversity. These algorithms could replace the commonly used threshold approach to
species delineation, which often fails because it ignores the fact that the distribution of intraspecific and inter-specific variability among species is overlapping rather than discrete (Will
& Rubinoff 2004, Meyer & Paulay 2005, Meier et al. 2006, Dexter et al. 2010). As a result,
threshold approach overlooks a considerable number (up to 30%) of distinct, but less divergent,
taxa (Meyer & Paulay 2005, Meier et al. 2006). Algorithms that enable more natural species
delineation are already being devised for macroorganisms (Little & Stevenson 2007, Monaghan
et al. 2009, Casiraghi et al. 2010); however, effective use of these algorithms in diatoms requires
an enhanced appreciation of the differences in speciation between macro- and microorganisms,
as well as its peculiarities in this class.
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Abstract: During studies of the diversity of the diatom genus Frustulia in Europe and NewZealand we recognized two species that did not fit any existing description. These species are
described in this paper as F. curvata sp. nov. and F. paulii sp. nov. based on examinations of the
morphology of natural populations and isolated strains. A combination of morphological features enables discrimination of F. paulii and F. curvata from previously described taxa. F. curvata
was found at a single locality in Ireland and is probably rare. F. paulii has been identified from
wetland pools in both the South and North Islands of New Zealand. The two new species are
compared with similar taxa and our current knowledge of their ecology and distribution is discussed. These formal descriptions complement the results of a separate study of the molecular
diversity of the genus Frustulia, which confirmed distinct lineages for both species. GenBank
entries for published sequences are included in the descriptions. In the future, both frustule
morphology and DNA sequences can be used to test presence of these species elsewhere in the
world and examine their ecology and distribution in detail.
Key words: Bacillariophyceae, Europe, Frustulia, New Zealand, taxonomy

Introduction

The diatom genus Frustulia Rabenhorst comprises solitary or tube-dwelling diatoms.
Its species often dominate benthic communities in oligotrophic and naturally acid freshwater
habitats worldwide (Krammer & Lange-Bertalot 1986, Siver & Baskette 2004, Beier & LangeBertalot 2007). The most prominent feature of the genus is a pair of siliceous ribs running along
the raphe. Ribs of most Frustulia species fuse distally with helictoglossae and proximally with
the central nodule (but see Graeff & Kociolek 2011 and Kociolek et al. 2011 for exceptions).
Historically, diatomists recognized only a small number of Frustulia species (e.g., Hustedt
1959). The number of described species has increased in the past two decades, with descriptions
of Frustulia species from South America (Metzeltin & Lange-Bertalot 2007), West Falkland
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Islands (Flower 2005), New Zealand (Beier & Lange-Bertalot 2007), New Caledonia (Moser

et al. 1998), Cambodia (Blanco et al. 2012), and the Crozet Islands (Van de Vijver et al. 2002).
Previously unknown diversity has also been revealed in well-studied areas like Europe (LangeBertalot 2001) and North America (Siver & Baskette 2004, Siver et al. 2009, Graeff et al. 2012).
In this paper we provide formal taxonomic descriptions of two species of Frustulia, which
were recognized in earlier studies. The first, F. curvata sp. nov., was encountered during a phylogenetic analysis of Frustulia strains from throughout Europe (Lineage II in Veselá et al. 2012).
The second, F. paulii sp. nov., was initially distinguished during studies of the diversity and
ecology of diatoms in New Zealand wetlands (Frustulia sp. A in Kilroy 2008). Both species were
subsequently isolated and included in tests to identify potential genetic markers suitable for
DNA barcoding of diatoms (Frustulia sp. B and F. sp. A, respectively, in Urbánková & Veselá
2013). In addition to the descriptions we include comments on the species’ distribution and
ecology and GenBank entries for all sequenced markers.

Materials and methods

Frustulia curvata was first observed in a sample collected in June 2010 from the lake
Loughavaul Little in western Ireland. Conductivity and pH were measured in situ with a combined pH/conductometer WTW 340i. Part of the sample was cleaned by incineration (Battarbee et al. 2001) and mounted in Naphrax. The natural sample and the monoclonal cultures F378
and F381 isolated for the study of Veselá et al. (2012) were examined with a light microscope
(LM) Olympus BX51 UPlan FLN with differential interference contrast optics. LM images
were captured using Olympus Z5060 digital camera. Frustules of strain F381 were cleaned
using the hydrogen peroxide-potassium permanganate method (Krammer & Lange-Bertalot
1986). Cleaned material was mounted onto metal stub, coated with gold and examined with a
JEOL 6380LV SEM.
Frustulia. paulii was observed in samples collected in 2001 from pools of the Bealey Spur
wetland area, South Island, New Zealand. Refer to Kilroy et al. (2006) for a detailed description of the site and collection methods. Subsamples were oxidized in concentrated sulphuric
acid followed by hydrogen peroxide and rinsed in distilled water. The resulting suspensions were
dried onto coverslips and mounted in Naphrax. Slides were examined with a Leica DMLB microscope with differential interference contrast optics and photographed using a Zeiss Axiocam
digital camera. Diatom suspensions were mounted onto metal stubs, coated with platinum and
examined under a Leica S440 SEM.
Two monoclonal cultures of F. paulii (NZ13 and NZ30) were isolated from samples
collected in New Zealand in 2010 for the DNA barcoding study (Urbánková &Veselá 2013).
Both isolates originated from pools on the Lagoon Saddle, South Island New Zealand. The two
strains were examined with a light microscope Olympus BX51 UPlan FLN with differential
inference contrast optics. LM images were captured using Olympus Z5060 digital camera. The
morphological description is based on the natural populations of the species.
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Figs 1-6. Frustulia curvata, sp. nov., LM. Specimens from the type population. Fig. 3. Holotype specimen. Scale bar = 10 µm.

Results

Frustulia curvata Kulichová & Urbánková sp. nov. (Figs 1–14)
Description. Valves narrowly lanceolate with more or less triundulate margins and protracted
subrostrate apices. Length 52–62 µm, breadth 11–12 µm. Striae parallel in the valve center and
slightly convergent towards apices, 28–30 in 10 µm. Apical lines of areolae slightly wavy. Valve
ends circumradiated by a single row or two rows of areolae. Areolae rounded in the valve center
and more slit-like distally. Internally, areolae with circular to rectangular hymens. External raphe
ends bear T-shape fissures. Internally, continuous axial ribs align the raphe. Linear helictoglossae fuse with gradually narrowing ribs. Porte-crayon structures not prominent.
Differential diagnosis. Akin to F. crassinervia, from which it differs by larger size and coarser
striation. Somewhat similar to F. pangaeopsis and F. pangaea, from both it differs by smaller size
and finer striation.
Holotype. Circled specimen on the slide B 40 0041373 - natural population (Berlin Collection,
Botanic Garden and Botanical Museum Berlin-Dahlem), illustrated on Fig. 3.
Isotype. Slide B 40 0041374 - monoclonal culture F378 (Berlin Collection, Botanic Garden and
Botanical Museum Berlin-Dahlem).

Paper II

41

Figs 7-11. Frustulia curvata, sp. nov., strain F378, SEM. Fig. 7. External valve view. Fig. 8. External
view of central area. Fig. 9. External view of valve end. Fig. 10. Internal view of central part of a valve.
Fig.11. Helictoglossa. Scale bars = 5 µm (Fig. 7); 2 µm (Figs 8-11).

GenBank entries: D1-D2 LSU rDNA - HE601711, SSU rDNA - HF562297, COI-5P HF562261, rbcL-3P - HF562251.
Type locality. A small pond Loughavaul Little (the other used name is Lough Avaul Lower).
Close to the road R572 in Western Ireland; 51° 43’ 20” N, 9° 34’ 37.6” W); 93 m above sea level;
pH = 7.1; conductivity = 92 µS/cm; collected June 17th, 2010 by Jana Kulichová (Veselá).
Etymology. The specific epithet refers to the curved valve ends and undulate valve margins.
Distribution and ecology. Despite the extensive sampling done by Veselá et al. (2012), this
species has been found in only a single locality in Europe and is probably rare. However, since
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Figs 12-17. Frustulia strains, LM. Figs 12-14. Frustulia curvata, sp. nov. Figs 12-13. Strain
F378. Fig. 14. Strain F381. Figs 15-17. Frustulia paulii, sp.nov. Fig. 15. Strain NZ30.
Figs 16-17. Strain NZ13. Scale bar = 10 µm.
F. curvata resembles the cosmopolitan and morphologically broadly defined F. crassinervia
(Lange-Bertalot 2001, Beier & Lange-Bertalot 2007), it may have been previously misidentified elsewhere. Its wide distribution thus cannot be excluded.
The type locality of F. curvata is not typical for the occurrence of the genus. Whereas most
Frustulia species prefer oligotrophic acidic habitats such as peat-bogs (Lange-Bertalot 2001),
the type locality of F. curvata is a small pond with circumneutral water.
Frustulia curvata most resembles F. crassinervia (Brébisson) Lange-Bertalot & Krammer and to a certain degree also F. pangaeopsis Lange-Bertalot and F. pangaea Metzeltin &
Lange-Bertalot. All species have subrostrate to subcapitate valve ends, and slightly triundulate valve margins. However, they differ in size, striation density and shape of distal fusion
between ribs and helictoglossae F. crassinervia is smaller (Lange-Bertalot 2001: length 30–55
µm, breadth 8–12 µm), has finer striation (Lange-Bertalot 2001: 30–35 striae in 10 µm) and
rolled-tongue-shaped helictoglossae (sensu Siver & Baskette 2004). By contrast, F. pangaeopsis
and F. pangaea are bigger and more coarsely striated (F. pangaeopsis: length 75–90 µm, breadth
16.0–18.5 µm, 26–27 striae in 10 µm; F. pangaea: length 55–90 µm, breadth 13–17 µm, 26–
27 striae in 10 µm). Both species have linear helictoglossae similar to F. curvata, but the overall
appearance of the terminal structure differs. Helictoglossae of F. pangaeopsis are fully embedded
in the widened ribs forming a spatulate terminal raphe end (sensu Edlund & Brandt 1997). In
F. pangaea, helictoglossae extend beyond the widened ribs to form a prominent porte-crayon
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structure (sensu Round et al. 1990).

Most cells of F. curvata were in tube-colonies, which are not unusual in the genus (Round
et al. 1990). A specific feature of colonies of F. curvata was an exceptionally high density of cells
in tubes.
The observed population was conspecific with strains from “F. rhomboides lineage II”
isolated by Veselá et al. (2012) from the type locality. Cultured strains had higher morphological
variability than natural populations. In particular, the cultured valves were often asymmetrical
with strongly capitate and/or bent apices (Figs 12–14). Partial nuclear large subunit ribosomal DNA (LSU rDNA) was sequenced by Veselá et al. (2012). Additional molecular markers,
namely nuclear small subunit ribosomal DNA (SSU rDNA), the 5’end of the mitochondrial
cytochrome c oxidase I gene (COI-5P), and region of the large subunit of RUBISCO (rbcL3P), were sequenced by Urbánková & Veselá (2013). GenBank entries of published sequences
are given above.
Frustulia paulii Kilroy & Urbánková sp. nov. (Figs 15–29)
Description. Valves lanceolate with smooth convex margins and rostrate, protracted apices.
Length 47.5–77.0 μm, breadth 9.3–11.6 μm. Striae absent within a central part of valve forming an irregular hyaline area of variable size, approximately 1.5–2.0 μm broad and spanning up
to three quarters of the valve width. Striae parallel in the valve center and slightly convergent
towards apices, 29–34 in 10 μm. A single row of areolae continues through the central area
adjacent to the central raphe endings. Valves ends circumradiated by a single row or few rows
of areolae. External raphe endings T-shaped. Internally ribs fuse with the central nodule and
with the base of rolled-tongue-shaped helictoglossae. Girdle bands open, tweezers-shaped, and
with curved internal projections along the valve margin. The internal undulation visible in LM.
Differential diagnosis. Similar to F. pseudoundosa, from which it differs by its coarser striation,
longer valves and valve outline.
Holotype. Circled specimen on the slide CHR 630751 - natural population (Landcare Research
Herbarium, New Zealand), illustrated on Fig. 21.
Isotypes. Circled specimen on the slide B39 - natural population (NIWA Diatom Collection,
New Zealand), slide B 40 0041375 - monoclonal culture NZ30 (Berlin Collection, Botanical
Garden and Botanical Museum Berlin-Dahlem).
GenBank entries: D1-D2 LSU rDNA - HF562282, COI-5P - HF562267, rbcL-3P - HF562250.
Type locality. Largest wetland pool at Bealey Spur wetland, Arthur’s Pass, South Island, New
Zealand; 43° 01’ 48” S, 171° 35’ 13” E; 1030 m above sea level; collected August 26th, 2001 by
Cathy Kilroy.
Etymology. The species is named in honor of Dr. Paul Broady, University of Canterbury, New
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Figs 18-23. Frustulia paulii, sp. nov., LM. Specimens from the holotype population.
Fig. 21. Holotype specimen. Scale bar = 10 µm.
Zealand, in acknowledgement of his encouragement and support to CK and PU during their
studies.
Distribution and ecology. F. paulii was abundant in the type locality, Bealey Spur wetland.
It was present in 15 of 20 pools sampled and was the second most common species of Frustulia
(Kilroy et al. 2006). F. paulii was also identified in samples from six further sites in a New Zealand wide study (Kilroy et al. 2007) and in samples from six of 29 wetlands on the West Coast
of the South Island (Suren et al. 2011). Further specimens have been identified from wetland
pools in other parts of the South and North Islands. In all cases the populations have been in
locations largely unimpacted by land-use changes or other disturbances. The pH range for F.
paulii seems to be quite wide, although generally it occurs where pH < 7 (e.g., Kilroy et al. 2006).
The main distinguishing feature of this taxon is its central hyaline area (Figs 18-21, 23,
27, and 29). In this respect, and in general outline, F. paulii resembles F. pseudoundosa Flower,
which was described from Adam Tarn in the Falkland Islands (Flower 2005). However, F. paulii
differs by coarser striation (F. pseudoundosa: 38 striae in 10 μm), longer valves (F. pseudoundosa:
37–45 μm) and valve outline. Specifically, F. pseudoundosa has undulating margins and distinctly
capitate apices, while margins of F. paulii are smooth and its apices protracted but not capitate.
Another prominent feature of F. paulii is the internally undulating girdle band margin,
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Figs 24-29. Frustulia paulii, sp. nov., SEM. Fig. 24. Internal valve view with one girdle band.
Fig. 25. Internal valve view. Fig. 26. External valve view. Fig. 27. Internal view of the central
nodule and the central area. Fig. 28. Internal view of the valve end. Fig. 29. External view of
the central area. Scale bars = 5 μm (Figs 24-26); 1 μm (Figs 27-29).
which is visible in LM (Figs 19, 22). In SEM (Fig. 24), the structure of the girdle bands conforms to the description given by Siver et al. (2009). Siver et al. (2009) found tweezer-shaped
girdle bands forming enclosed longitudinal canal in two new Frustulia species and noted its
presence in previously described taxa. The structure seems to be widespread in the genus, but
it is rarely as distinct as in F. paulii. The other species with distinct internal undulation are for
example F. nana Moser, F. neocaledonica Mangiun, and F. australis Moser (Moser et al. 1998)
Observed populations were conspecific with strains NZ13 and NZ30 isolated by
Urbánková & Veselá (2013) in New Zealand (Figs 15-17). Strains NZ13 and NZ30 originated
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from a pool on the Lagoon Saddle which is just a few kilometers from the type locality. References to the published GenBank sequences are given above (Urbánková & Veselá 2013).

Discussion

Frustulia paulii extends the diversity of the genus Frustulia described in New Zealand
(Beier & Lange-Bertalot 2007) and the whole Australasian region (Moser et al. 1998), which is
referred to as a center of diatom endemism (Sabbe et al. 2001, Kociolek et al. 2004, Vyverman
et al. 2007, Novis et al. 2012). The central hyaline area of F. paulii is distinct and unlikely to be
overlooked. To date, this feature has been observed in Frustulia only in species from the southern hemisphere (Rumrich et al. 2000, Van de Vijver 2002, Flower 2005). F. paulii may represent
an exclusively southern hemisphere taxon, or even New Zealand endemic.
The distinguishing features of F. curvata are less obvious. In contrast to those in Australasia, morphological differences among Frustulia species in Europe are more subtle. Nine
out of 17 species recognized in Europe (Lange-Bertalot 2001) used to be lumped under a
catch-all taxon F. rhomboides (Krammer & Lange-Bertalot 1986). Recently, Veselá et al. (2012)
examined the diversity of F. rhomboides sensu lato in Central and Western Europe by both molecular methods and geometric morphometric methods. The study showed that morphological
delimitations of the two most common European species, F. saxonica and F. crassinervia, are
problematic. More specifically, morphological features of these nominal species occurred across
four molecular lineages. However, the F. rhomboides lineage II that we describe as F. curvata is
morphologically and genetically distinct from the four F. crassinervia-saxonica lineages (Veselá
et al. 2012). All cultured strains of F. curvata showed high morphological variability. We attribute the pronounced asymmetry of valve ends to teratological changes that may occur during
suboptimal cultivation (Falasco et al. 2009).
We find that a combination of morphological features enables discrimination of F. paulii
and F. curvata from previously described taxa. Furthermore, the available molecular data corroborates the morphological data. All markers used by Urbánková & Veselá (2013) clearly distinguished F. curvata (as F. sp. B) and F. paulii (as F. sp. A) from other examined species.
Recent studies have demonstrated the limitations of taxonomy that relies solely on morphology (Amato et al. 2007, Evans et al. 2008, Vanormelingen et al. 2013). Nevertheless, most
new diatom species are described using the morphological species concept only. In order to
stabilize diatom taxonomy, we suggest that, ideally, molecular data should also be provided while
describing new taxa (e.g., Mann et al. 2010, Hamsher et al. 2011). In the future, molecular data
can be used as a DNA-barcode to identify species elsewhere in the world and examine their
ecology and distribution.
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Abstract: Molecular-assisted alpha taxonomy, which combines molecular species delimitation
with post-hoc morphological examinations, has proved to be an effective tool for the classification of morphologically similar species. We employed this approach to examine the diversity of
the genus Frustulia in northern Europe. First, we used two molecular markers to delimit species
and then characterized their morphology using conventional and geometric morphometrics.
Next, we employed machine-learning methods to identify valves in benthic diatom communities in order to infer the distribution and pH preference of individual species. Unlike previous
studies using automated identification of diatom species, we examined the performance of the
semi-supervised classifier. Supervised methods, which have been used before, only employ labelled valves to train the classification algorithm. The semi-supervised approach is, in addition,
able to benefit from unlabelled valves in the natural populations. It is usually superior in cases
in which there are few labelled data available. Finally, we compared the classification accuracy
of the algorithms and five volunteer specialists. We found five molecular lineages, the F. crassinervia-saxonica species complex, F. gaertnerae, F. septentrionalis, F. krammeri, and F. cf. maoriana.
The most valuable characteristics for species identification were length, width, striation pattern,
and allometric shape changes described by the first axis in the geometric morphometric analysis.
We found that a semi-supervised approach that does not rely solely on morphology, but also
accounts for variation among valves from natural populations, has superior performance. Based
on valves from natural populations, we observed marked differences in species abundances and
pH tolerances that have a bearing on their geographical distributions.
Keywords: automatic identification, diatom, Frustulia, molecular-assisted alpha taxonomy, pH
preference

Introduction

Diatom species identification based on visual inspection of morphological characters
is often inaccurate. Traditionally delimited taxa might include several cryptic or semi-cryptic
species (Amato et al. 2007, Vanormelingen et al. 2007, Vanelslander et al. 2009, Poulíčková et
al. 2010, Souffreau et al. 2013) or are unjustifiable when morphological plasticity is considered
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(Trobajo et al. 2009, Veselá et al. 2012, Kermarrec et al. 2013, Rose & Cox 2014). An alterna-

tive to the traditional approach to species delimitation is molecular-assisted alpha taxonomy
(MAAT), which uses molecular data from monoclonal strains to delimit species and pinpoint
important morphological features for their identification (Saunders 2008, Hamsher & Saunders 2014). A drawback of the MAAT is that the number of strains that can be examined is
limited and therefore only a fraction of a species morphological diversity can be captured. The
approach does not produce usable information from frustules preserved in benthic samples or
sediments. These data can elucidate temporal dynamics (Fryxell 1991, Takahashi et al. 1994),
morphological changes within the life cycle, phenotypic variability across environmental gra-

dients (Litchman et al. 2009, Finkel et al. 2010), or ecological preferences of species (Smol &
Stoermer 2010).
Diatom alpha-taxonomy is burdened by a large amount of subjectivity (Mann 2010,
Mann & Vanormelingen 2013); multivariate statistical methods and geometric morphometrics
have been used in diatomology for several decades (Pappas et al. 2014) but they have never
become the norm in diatom taxonomy. Even though traditional morphometric data (e.g. length,
width, and stria density) are routinely collected, species delimitations are mostly based on visual
comparisons with existing taxa. Especially, valve shape and striation pattern, which are among
the most important diagnostic features, receive only verbal descriptions. Both can be quantified
using geometric morphometrics, which has already proved to be an effective tool for the separation of taxa that are difficult to differentiate by visual means alone (e.g. Beszteri et al. 2005,
Poulíčková et al. 2010, English & Potapova 2012, Kermarrec et al. 2013).
A further extension of quantitative taxonomic methods is the automated identification of
diatom species. This field has progressed mainly as a result of the Automated Diatom Identification and Classification (ADIAC) project (Buf & Bayer 2002), which used machine-learning
algorithms for species classification and automatic extraction of outlines and striation patterns.
Machine-learning algorithms evolve rapidly with advances in computer science. The ADIAC
project only examined supervised classifiers, a group of algorithms that entirely depends on
the labelled data (in our case, the morphologies of strains that were identified by molecular
methods). An alternative approach, the semi-supervised classification, was devised to classify
data when labelling is expensive or problematic (i.e. requires specialist or special devices). By
using both labelled and unlabelled data (the morphologies of valves from sediment samples),
the semi-supervised classifiers achieve superior performance when labelled data are scarce
(Driessens et al. 2006).
We used MAAT to examine the diversity of the genus Frustulia Rabenhorst in northern
Europe. Unlike previous studies, we also examined communities in natural samples to infer
morphological variability, distributions, and pH preferences of species. To establish an objective
classification, we compared identifications by specialists with the performance of supervised and
semi-supervised machine-learning algorithms.
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Materials and methods
Sample collection
Twenty-nine epipelic and epiphytic samples from various oligotrophic freshwater
biotopes were collected from the six regions (A-F) from northern Europe (Fig. 1) from May
2012 to October 2013. Temperature, conductivity, and pH were measured with a combined
pH/conductometer, WTW 340i (Wissenschaftlich-Technische Werkstätten GmbH, Weilheim
Germany). Detailed site descriptions are given in Table S1.
Strains: Isolation, cultivation, and sequencing
Monoclonal cultures were established as described by Veselá et al. (2012). Single cells
from natural populations were picked up using a glass Pasteur pipette with an ultra-thin tip,
transferred through several drops of sterile medium, and placed into a 96-well tissue-culture
plate. Strains were harvested directly from 96-well plates after 1-2 months of growth. DNA was
isolated from 10 µL of biomass using 20 µL of InstaGene™ Matrix Buffer (Bio-Rad Laboratories, Hercules, CA, USA) following the manufacturer’s instructions.
Molecular markers spanning the D1 and D2 regions of the large ribosomal subunit
(D1-D2 LSU) and the 3 end of the large RuBisCO subunit (rbcL-3P) were used. The D1-D2
LSU region was amplified in all strains. The rbcL-3P locus was amplified in a subset of strains
that differed in D1-D2 LSU and geographical origin. The D1-D2 LSU region was amplified

Fig. 1. Map showing sampling sites and a graph with distribution of species in five areas. Details about
sampling sites are provided in Table S1. Left side of the graph shows the number of isolated strains, right
side represents species identified in natural populations. Upper left legend explains colors in the graph.
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Fig. 2. SEM image of F. crassinervia-saxonica from natural population with measured morphological
characters; dots along the outline represent landmarks (black) and semi-landmarks (light grey) that were
used to describe valve outline, white lines represent (a) minimal width of the central nodule, (b) maximal
width of the central nodule, and (c) mean angle between striae and trans-apical axis, 1/5th of the valve
length from an apex. Scale bar = 10 µm.

using the primers LSU-DF1 and LSU-740DR designed by Veselá et al. (2012) or using a new
pair of primers, PUF1 (5’-AGCCCACCATGYGAATCTGC-3’) and PUR1 (5’-TGCTCACACTCAGACCGTTCTCCC-3’). The polymerase chain reaction (PCR) conditions for D1D2 LSU amplification with MyTaq™ polymerase were as follows: initial denaturation at 94°C
for 1 min; 35 cycles of 94°C for 15 s, 55°C for 15 s, and 74°C for 10 s; and final extension at

72°C for 7 min. The rbcL-3P region was amplified using the primers CfD (Hamsher et al. 2011)
and DPrbcL-7 (Levialdi Ghiron 2006) or using newly designed primers, F1P (5’-GGAGAGAACGTTTCTTA-3’) and R1P (5’-GTCTCACTATTCAAATACTCCT-3’). The PCR
conditions for rbcL-3P amplification with AmpliTaq Gold® polymerase were as follows: initial
denaturation at 95°C for 10 min; 35 cycles of 94°C for 30 s, 53°C for 30 s, and 74°C for 10 s; and
final extension at 72°C for 7 min. All PCR products were purified by standard ethanol-sodium
acetate precipitation or using the PCR DNA Fragments Extraction Kit (Geneaid, New Taipei,
Taiwan). Sequencing was performed by Macrogen Inc. (Seoul, South Korea).
Molecular analyses
Sequences were edited using SeqAssem (SequentiX, Klein Raden, Germany). The new
unique sequences and published Frustulia sequences available in GenBank were aligned using
the ClustalW algorithm in MEGA 5.2.2 (Tamura et al. 2011). GenBank accession numbers for
all unique sequences are provided in the supplement (Table S2). The D1-D2 LSU alignment included 122 sequences (18 were unique) and was 563 bp long. It had three indels and ambiguous
bases, which were removed by pair-wise deletion. The rbcL-3P alignment included 51 sequences
(17 were unique) and was 799 bp long. Clustering analyses were performed separately for each
marker in MEGA 5.2.2 using the neighbor-joining algorithm on p-distances.
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Microscopy and analysis of morphology

Natural samples and strains were oxidized in hydrogen peroxide. For light microscopy
(LM), samples were mounted in Naphrax (Brunel Microscopes Ltd, Wiltshire, UK). For scanning electron microscopy (SEM), samples were dried on aluminum stubs and coated with an
ultrathin layer of gold. All the material examined is available from the Phycology Research
Group, Department of Botany, Charles University in Prague, Czech Republic.
Images were captured using an Olympus DP 72 light microscope with Nomarski contrast
and a JEOL JSM-6380LV scanning electron microscope at 25 kV. Samples and strains with
sufficient biomass (see Table S1) were examined using both SEM and LM; one method (LM

or SEM) was selected for the remaining samples and strains. Both LM and SEM images were
processed in the same way. Potential bias caused by the type of microscopy was checked for using ordination analysis (data not shown). No differences were found and therefore we combined
all images into one dataset.
Images of approximately ten valves per strain and 30 valves per natural population were
obtained (Table S1), resulting in 427 valves from isolated strains and 746 valves from field
samples. Moreover, images of Frustulia species from the relevant identification literature were
included in the analysis (Lange-Bertalot & Metzeltin 1996, Lange-Bertalot & Jahn 2000,
Lange-Bertalot 2001). Valve morphology was described using traditional and geometric morphometrics. Traditional morphometric data included the following: length, width, length-towidth ratio, number of striae per 10 μm, maximal and minimal widths of the central nodule and
their ratio, and stria angles, which represent the striation pattern (Fig. 2). Stria angle was taken
to be the average angle between the striae and the transapical axis 1/5th of the valve length from

an apex (Fig. 2). Ideally, four measurements were made; if it was impossible to make at least two
measurements, stria angle was treated as missing data. Most of the images were from LM and
thus we were unable to examine the shape of the rib-helictoglossa fusion, which has been reported as an important diagnostic feature of the genus (Siver & Baskette 2004). Measurements
were performed in Adobe Photoshop CS3 (San Jose, CA, USA). Valve shape was described by
a landmark-based geometric morphometrics using tpsDig v1.4, tpsUtil v1.6, and tpsRelw v1.45
from the Thin-Plate Spline series (Rohlf 2010). Forty-four landmarks were established along
the valve outline (Fig. 2). Four of these were in fixed positions (at the intersections of a valve
outline with the apical and transapical axes) and the remainder were semi-landmarks that were
allowed to slide along the line between adjacent fixed landmarks (Bookstein 1997). Configurations of landmarks and semi-landmarks were superimposed by a generalized Procrustes analysis. The resulting aligned data were symmetrized along apical and transapical axes according
to Savriama and Klingenberg (2011). Symmetrized data were evaluated using a relative warp
analysis (RWA), a multivariate method similar to the principal component analysis. Scores of
the objects on the first three RW axes were used for statistical analyses of morphometric data.
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Classification of natural populations

Valves from natural populations were classified based on morphology using the data-mining software WEKA v5.13 (Hall et al. 2009). Prior to classification, missing values in the dataset
were replaced by expectation maximization imputation (package EMImputation). Imputation
was run in two steps: first for strains from individual species and then for the entire dataset.
Chi-square statistics computed with respect to species (package chiSquaredAttributeEval) were
used to rank morphological attributes (valve measurements and shape data). Attributes were
subsequently added to an algorithm according to their ranks to find the subset with the highest
classification accuracy (% of correctly labelled valves). Subsets were evaluated by 10-fold cross-

validation of the k-nearest neighbor (k-NN) algorithm using Euclidean distances and k = 5; differences were compared using corrected resampled t-tests implemented in WEKA. k-NN is a
robust non-parametric classification that was developed for discriminant analysis when reliable
parametric estimates of probability densities are unknown or difficult to determine. (Peterson
2009).
The best subset of morphometric attributes was used to compare the supervised and semisupervised classifiers. A 10-times holdout validation was used to evaluate the performance of
classifiers, i.e., labelled data (strain images) were repeatedly split into two sets; one was used
for training and the other for testing. The proportions of data used for training were 90%, 50%,
33%, 25%, and 10%. The remaining data (10%, 50%, 66%, 75%, and 90%, respectively) were
used for testing. Stratified splitting assured that all species were represented in the training set.
The k-NN (k = 5) algorithm based on Euclidean distances was used as a supervised classifier as
well as an initial classifier for the semi-supervised classifier YATSI (Driessens et al. 2006). The
YATSI operates in two steps; in the first step, any supervised algorithm “pre-labels” unlabelled
data (valves from natural populations) based on a training set. In the second step, the k-NN
(k = 10) classifier uses weighted “pre-labelled” data to improve the initial classification. The
YATSI is a part of the WEKA collective classification package.
The classification accuracy of the two classifiers was compared using t-tests implemented
in PAST (Hammer et al. 2001). The confusion matrix for strains was based on the YATSI results using 10% of the data for training.
Species characteristics
The best algorithm was used to classify valves from natural populations. Morphological
characteristics, distributions, and pH preferences of species were inferred from the classification
results. The algorithm is only able to identify species in the training dataset and it therefore necessarily misclassifies species that were not isolated into culture. To account for this limitation,
the classification was revised by authors if (1) the classification probability was below 90%, (2)
the value of selected morphological attributes was an outlier and was out of the range defined
by strains ± the mean measurement difference, or (3) the number of striae per 10 µm differed
from strains. The valve was removed from the dataset if it belonged to a species that was not
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sequenced and if its classification was uncertain. Mean measurement differences between two
independent measurements were computed for 23 valves from the sample JS12.

Classification by specialists
To obtain a reference for algorithm performance, 5 people experienced in diatom identification were asked to classify 300 randomly selected valves (strains, 75 valves; natural populations, 225 valves). All participants were provided with appropriate sections from Lange-Bertalot
& Metzeltin (1996) and Lange-Bertalot (2001). Additionally, most participants had access to
other diatomological literature. Homotypic species names and “cf.” were unified. Frustulia saxonica and F. crassinervia were treated as a complex (Veselá et al. 2012).

Fig. 3. Neighbor-joining cluster analysis of isolated (bold and in a stippled box) and closely related
Frustulia species based on markers rbcL-3P (right) and D1-D2 LSU (left). Both trees are based on pdistance. Numbers in brackets represent the amount of strains with the same sequence. GenBank accession numbers for all sequences are in Table S2.
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Figs 4 and 5. External and internal valve view of F. gaertnerae strain in SEM. Scale bar = 10 µm.

Results
Strain identification
We assigned 135 strains (Table S1, Fig. 1) to five molecular lineages based on the D1-D2
LSU and/or rbcL-3P markers (Fig. 3). The delimitation of the four lineages, based on reciprocal
monophyly of the two molecular markers and their morphological distinctness, was straightforward. These lineages had no intraspecific variability and differed from other molecular lineages
by >1.6% and >0.5% for D1-D2 LSU and rbcL-3P, respectively. We detected higher divergence
among groups than the maximal distance so far found between two sexually compatible diatom
strains, which is 0.5% for D1-D2 LSU (Amato et al. 2007) and 0.4% for rbcL-3P (Trobajo et
al. 2009). After morphological examinations of the strains (see number of examined strains in
Table S1), the groups were identified as F. gaertnerae Lange-Bertalot & Metzeltin (three strains,
Figs 4, 5 and 11), F. septentrionalis Lange-Bertalot & Metzeltin (18 strains, Figs 6–8), and
F. krammeri Lange-Bertalot & Metzeltin (four strains, Figs 9, 10). We assigned two strains to a
new species, which we named F. cf. maoriana (Fig. 12) because it was closely related and morphologically similar to F. maoriana, a putative New Zealand endemic (Beier & Lange-Bertalot
2007).
Most sequences belonged to the lineage that was identified as the species complex F. crassinervia-saxonica (108 strains, Figs 2, 13–15), which currently comprises five molecular lineages
(labeled III-VII in Veselá et al. 2012 and Urbánková & Veselá 2013) and is polyphyletic due to
lineage III (Fig. 3). D1-D2 LSU sequences formed two clusters that corresponded to lineages V
and VI. Almost 90% of our strains belonged to lineage VI, whereas lineage V was represented by
13 strains. In the rbcL-3P phylogeny, three out of five Estonian strains from lineage VI clustered
apart from the major clade that contained the remaining strains (sequences WA2 and WA3 in
the Fig. 3). Distance between sequences within this complex was up to 1.8% for D1-D2 LSU
and 0.8% for rbcL-3P. Using molecular markers, we were unable to determine whether lineages
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Figs 6-15. LM images of Frustulia species. Figs 6-8. F. septentrionalis. Figs 9, 10. F. krammeri. Fig. 11.
F. gaertnerae. Fig. 12. F. cf. maoriana. Figs 13-15. F. crassinervia-saxonica species complex. Figs 6 and 7
are valves from natural populations; other images represent strains. Scale bar = 10 µm.

V and VI represent one interbreeding population or two closely related species (Urbánková
& Veselá 2013). Lineages III, IV and VII are clearly differentiated by molecular markers (Urbánková & Veselá 2013). Even though lineage IV occurs in northern Europe (one locality at
Abisko (Sweden), Veselá et al. 2012), it was not among strains isolated in this study. Lineage VII
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Fig. 16. Selection of the optimal subset of morphological attributes with the highest classification
accuracy. Attributes were subsequently added to the dataset according to chi-square ranks. Selected
attributes are in bold. cn max. = maximal width of the central nodule; cn min. = minimal width of the
central nodule; cn min/ cn max = ratio between minimal and maximal width of the central nodule; RW1,
RW2, RW3 = scores of objects representing valve outlines along the first, second, and third axis of the
ordination diagram.

Fig. 17. Reconstruction of shape changes along the first relative warp axis (RW1).
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Fig. 18. Performance of a supervised (dashed line) and semi-supervised classifier (solid line). X-axis
shows proportion of strain images available for training. Y-axis represents mean classification accuracy.
Stars indicate statistical significance of the comparison; (***) p-value < 0.001, (**) p-value < 0.01.

was only found in New Zealand and lineage III is a rare specimen isolated from Ireland. In a
morphometric study, Veselá et al. (2012) showed that valves from lineages of this complex could
not be distinguished; accordingly, we treated them as a single group.
Comparison between algorithms
The addition of up to four morphological attributes according to chi-squared ranks significantly improved the classification accuracy (p < 0.01)(Fig. 16). The best subset of attributes
comprised length, width, stria angle, and the first axis of the morphospace (RW1) (Fig. 17). The
position of valves along the first RW axis was mostly associated with allometric shape changes
and explained 93.1 % of the outline variance.
We used the optimal subset of attributes to test the performance of two machinelearning algorithms. A decrease in the classification accuracy of both classifiers was correlated
with a decreased proportion of strain images available for training (Fig. 18). However, the semisupervised classifier YATSI was affected less and had significantly better performance, when the
proportion of strain images used for training was less than 25% (Fig. 18).
Classification of images from the taxonomical literature
The morphological description of species in keys generally agreed with our findings
(Table 1). However, unlike written descriptions, the images were occasionally misleading.
The classification of images from diatom monographs agreed for F. crassinervia-saxonica and
F. krammeri, but not for F. septentrionalis and F. gaertnerae (Table 2). Some disagreements arose
because low image quality hampered accurate measurements of the stria angle, one of the four
attributes selected for classification.
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Table 1. Morphological comparison of isolated strains, natural populations and taxonomical literature.
RW1

Length (μm)

Width (μm)

Striae/10μm

Striae angle (°)

natural populations

-0.05 – 0.06
0 ± 0.02

33.4 - 87.4
53.3 ± 7.6

9.5 - 18.6
13 ± 1.3

30 - 36
34 ± 1

0.1 - 3.2
0.9 ± 0.7

strains

-0.05 - 0.05
0 ± 0.02

39.7 - 92.7
52.6 ± 10

9.9 - 19.8
12.8 ± 1.6

30 - 36
34 ± 1

0.1 - 2.2
0.6 ± 0.4

F. crassinervia [1]

35 - 80

10.5 - 14

30 - 35

1-2

F. saxonica [1]

60 - 105

15- 19

29-32

1-3

F. crassinervia saxonica

F. gaertnerae
natural populations

-0.05 - 0.01
-0.02 ± 0.02

42.9 – 60.1
55 ± 7.8

10.7 - 13.7
12 ± 1

32 - 34
34 ± 1

2.9 - 15.4
9.7 ± 4.4

strains

-0.03 - 0.02
0 ± 0.01

43 - 49.9
46.1 ± 2.2

9.6 - 12.8
11.1 ± 0.8

30 - 36
34 ± 2

4 - 8.7
5.9 ± 1.3

33 - 48

9 - 11

31 - 33

2-3

F. gaertnerae [1]
F. krammeri
natural populations

-0.06 - -0.01
-0.04 ± 0.01

108.9 - 123
117.9 ± 4.1

21.4 - 25.8
23.4 ± 1.2

28 - 30
29 ± 1

0.3 - 7.2
3.9 ± 2.3

strains

-0.07 - -0.03
-0.05 ± 0.02

103.9 - 144.3
120.4 ± 17.8

20.6 - 26.9
23.4 ± 1.8

28 - 30
28 ± 1

3 - 7.8
5.2 ± 1.5

96 - 135

18 - 24

26 - 27

2-3

F. krammeri [1]
F. cf. maoriana
natural populations

0.06 - 0.07
0.07 ± 0

35.3 - 44.3
38.8 ± 2.6

11 - 12.3
11.7 ± 0.4

34 - 36
34 ± 1

0.1 - 0.8
0.4 ± 0.2

strains

0.04 - 0.07
0.05 ± 0.01

43.7 - 46.3
45 ± 0.7

12.7 - 15.4
13.5 ± 0.8

34 - 36
34 ± 1

0.3 - 0.8
0.5 ± 0.2

36 -53

12.5 - 14

28 - 30

1

F. maoriana [2]
F. septentrionalis
natural populations

-0.04 - 0.01
-0.01 ± 0.01

66.8 - 99.2
82 ± 8

15.4 - 22.2
19.4 ± 1.5

30 - 32
31 ± 1

3.8 - 15.3
8.5 ± 3

strains

-0.03 - 0.01
-0.01 ± 0.01

66.4 - 87.8
77.8 ± 7

15.4 - 20.8
18.1 ± 1.2

30 - 34
31 ± 1

7 - 14.6
9.6 ± 1.9

70 - 90

17 - 20

28 - 29

2-3

F. septentrionalis [1]

Notes: [1] Lange-Bertalot (2001), [2] Beier & Lange-Bertalot (2007). We show selected attributes and the number

of striae/10µm, which is traditionally used for diatom identification. Upper lines represent range, lower lines show

mean ± standard deviation. Written descriptions of stria angle in the literature have substitute values of: (1) for

parallel or weakly, (2) moderately, and (3) strongly convergent striae. RW1 = scores along the first relative warp axis.
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Strains

septentrionalis
gaertnerae
cra.-sax.
cf. maoriana
krammeri

septentrionalis
99.55%
0%
0%
0%
0%

gaertnerae
0%
93.18%
0%
0%
0%

Classified as:
cra.-sax.
0%
7%
99.75%
65.56%
0%

Key

Table 2. Confusion matrix based on classification of the semi-supervised classifier, which used 10% of
strains for training. Upper half represents percentage of correctly identified strains, lower half represents
number of images from the taxonomical monographs.

septentrionalis
gaertnerae
cra.-sax.
krammeri

3
0
1
0

0
1
0
0

2
3
34
1

cf. maoriana
0%
0%
0%
34.44%
0%

krammeri
0%
0%
0%
0%
100%

0
0
1
0

1
0
0
3

Automatic identification vs. human determination
The accuracy of YATSI for the entire dataset was comparable to its accuracy for randomly
selected valves from natural populations, i.e., 97.6% and 97.4%, respectively. YATSI outperformed specialists using taxonomical literature, who correctly identified, on average, 75% of
isolated strains (range 60–85%) and 84% of valves from natural populations (range 74–92%).
We used the YATSI analysis trained on 10% of the data to estimate the confusion matrix
(Table 2). The correct classification of F. cf. maoriana, which was only represented by a single
strain, was problematic for both the classifier and specialists. Up to 65% of F. cf. maoriana valves
were confused with valves of the F. crassinervia-saxonica complex, and only one participant identified it as a new species. Using the classifier, we correctly identified the remaining species with
an accuracy of greater than 93% (Table 2). Participants correctly identified strains of F. crassinervia-saxonica (mean identification accuracy 89% ± standard deviation 11%) and F. krammeri
(80% ± 21%), but failed to identify F. septentrionalis (36% ± 38%) and F. gaertnerae (18% ± 21%).
The latter two species are distinguished by a marked inclination in striae toward the valve end,
i.e., the stria angle (Table 1).
Morphology, ecology, and distribution of species
Frustulia gaertnerae Lange-Bertalot & Metzeltin (SEM, Figs 4, 5; LM, Fig. 11)
Accession numbers: rbcL3-P KU663129, D1-D2 LSU KU663122
This species had distinctive grooves parallel to its raphe on the external side of the valve
(Fig. 4), but these were only visible using SEM and could not aid identification based on the
valve interior or under LM. We identified the valves without visible grooves according to the
fusion between ribs and the central nodule; specifically, ribs of F. gaertnerae were further apart
(Fig. 11) and were not entirely fused with the central nodule (Fig. 5). At this time, we hesitate
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to claim it as a diagnostic feature because we examined a relatively small number of specimens.

Even though stria angle unambiguously differentiates strains of F. gaertnerae from F. crassinervia-saxonica, natural populations had valves with intermediate stria angles (Table 1).
The species occurred in localities with pH 4.7–5.1 and conductivity 6–27 µS·cm-1, but was

not highly abundant; we found a maximum of two F. gaertnerae valves per sample.
Frustulia krammeri Lange-Bertalot & Krammer (LM, Figs 9, 10)
Accession numbers: rbcL3-P KU663126, D1-D2 LSU KU663121

Frustulia krammeri can be easily identified based on its larger overall size relative to the
other species (Table 1). We only found the species at two localities, with pH 5.1 and 6.5 and
conductivity 26 µS·cm-1. It can reach high abundance; at the first locality it was more numerous
than the F. crassinervia-saxonica complex.
Frustulia septentrionalis Lange-Bertalot & Metzeltin (LM, Figs 6–8)
Accession numbers: rbcL3-P KU663128, D1-D2 LSU KU663123
The dimensions and strong inclination of the striae distinguished F. septentrionalis from
other species (Table 1). It was the second most abundant species and was restricted to pH
4.1–5.1 and conductivity 25–46 µS·cm-1.
Frustulia gaertnerae, F. krammeri, and F. septentrionalis were described from Julma Ölkky
in Finland (Lange-Bertalot & Metzeltin 1996, Metzeltin & Lange-Bertalot 1998). The original
morphological descriptions generally agree with our findings (Table 1). We observed good correspondence between the distribution and abundance of species found in natural populations
and the origin and numbers of isolated strains (Fig. 2). All species occur sympatrically with the
F. crassinervia-saxonica complex over a narrow pH range. Nevertheless, pH alone cannot explain
the distribution of these species; other environmental factors (e.g., habitat type and nutrient
load) and dispersal ability are likely involved.
Veselá et al. (2012) examined more than 350 strains, mainly isolated from central and
western Europe, and did not detect any of these three species. Molecular data collected to date
have only established their distribution in northern Europe, but based on morphological species
identification, F. krammeri and F. septentrionalis have Holarctic distributions (Lange-Bertalot
2001, Siver & Baskette 2004) and F. gaertnerae has been recorded from Ireland (Lange-Bertalot
2001).
Frustulia cf. maoriana (LM, Fig. 12)
Accession numbers: rbcL3-P KU663127, D1-D2 LSU KU663120
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This species has a broadly lanceolate outline with subrostrate apices, similar to its sister
species, F. maoriana. In the study region, we were not able to distinguish it from small members
of the F. crassinervia-saxonica complex. However, the variability in molecular markers suggests
that it merits specific status. Even though F. cf. maoriana might have been misidentified in
natural populations, it is likely rare in the study region because we only isolated two strains.
Veselá et al. (2012) did not detect the species in Europe. Nevertheless, some valves from our
Estonian samples might indeed belong to this species, which may be more abundant elsewhere.
Frustulia crassinervia-saxonica species complex (SEM, Fig. 1; LM, Figs 13–15)
We classified almost 90% of all valves obtained from natural populations as F. crassinervia-saxonica. The high abundance of F. crassinervia-saxonica was accompanied by high morphological plasticity (Fig. 13–15, Table 1) and wide ecological tolerance (pH 3.5–7.4, conductivity
6–323 µS·cm-1; this study and Veselá et al. 2012). We detected the complex at all examined
localities. We isolated the most abundant lineage VI from the entire gradient, and the less
abundant lineage V from areas with pH above 5.3. Both lineages were abundant in Europe
(Veselá et al. 2012), but lineage VI likely has a wide distribution as it also occurs in New Zealand (Urbánková & Veselá 2013).
Other species
We were not able to assign 46 valves with markedly convergent striae to any of our species. Some had similar shapes to the F. crassinervia-saxonica complex, and others had narrow
rhomboidal valves. The variation among valves either represents morphological plasticity of
the less abundant F. crassinervia-saxonica lineages IV and V, and/or indicates one or more species that were not isolated and sequenced. We also encountered one valve of F. erifuga LangeBertalot & Krammer and a valve that likely belongs to F. disjuncta Lange-Bertalot. Both species
have previously been detected in northern Europe (Lange-Bertalot 2001). We found seven out
of nine traditional Frustulia morphospecies that supposedly occur in northern Europe; only
F. lange-bertalotii and F. quadrisinuata were not encountered in our sampling.

Discussion

We found five molecular lineages of Frustulia co-occurring in benthic populations of
northern Europe. The morphological differences among the isolated lineages were subtle, but
enabled identification by machine-learning algorithms. Automatic identification of valves preserved in benthic populations provided information about their distributions and pH preferences.
The molecular markers used in this study proved suitable for the delimitation of many diatom species. rbcL-3P is a candidate diatom barcode (Hamsher et al. 2011, Urbánková & Veselá
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2013) The second marker, the D1-D2 region of LSU, overlaps with a suggested barcode region
D2-D3 LSU, which previous studies have demonstrated is a good marker for species delimitation in Frustulia (Veselá et al. 2012, Urbánková & Veselá 2013), Psammoneis S. Sato, Kooistra &
Medlin (Sato et al. 2008), Nitzschia palea (Kützing) W. Smith (Trobajo et al. 2009), and Navicula cryptocephala Kützing (Poulíčková et al. 2010). Based on these molecular markers and morphology, we were able to clearly delineate four lineages as individual species. Marker variability only obscures lineage identification within the F. crassinervia-saxonica complex (Urbánková
& Veselá 2013). The unresolved relationships do not compromise our results. Inferences of
the distributions and ecological preferences of other species rely on our ability to distinguish
them from F. crassinervia-saxonica; accordingly, we treated the complex as a single entity in the
morphological analysis.
Automatic identification based on morphological characters can link genetically delimited diatom species with valves occurring in benthic sediments. The development of machinelearning algorithms has rapidly advanced along with general advances in computer science; they
are used for plankton identification using in-flow cytometers (Sosik & Olson 2007, Drews et
al. 2013, Xu et al. 2014), and the Automatic Diatom Identification and Classification (ADIAC)
project pioneered their use in diatomology (Du Buf & Bayer 2002). Unlike the ADIAC project,
which aimed to automatize pattern recognition methods for the extraction of valve outlines and
striation patterns, we compared the performance of a supervised and semi-supervised classification algorithm. We showed that the semi-supervised algorithm YATSI (Driessens et al. 2006),
which uses the morphology of both strains and valves from natural populations to optimize
classification, was superior to the supervised algorithm, which only works with strain data. The
benefits of the semi-supervised approach are particularly apparent when the number of strains
available for training is small. Therefore, semi-supervised methods are clearly suitable for automatic diatom identification where isolates only represent a fraction of the population that
occurs in the region throughout the year.
Automatic identification based on the optimal subset of four morphological characters
with respect to classification accuracy outperformed volunteer experts. Volunteers appear to
be at a disadvantage because they only had access to taxonomical literature and they did not
know which species occurred in the dataset and therefore based their identification on a bigger
“training” set than that of the automatic classifier. However, these factors are likely of marginal
importance because we found the majority of traditional Frustulia morphospecies that have
been recorded in northern Europe (Lange-Bertalot 2001). Despite discrepancies with images
provided in taxonomic keys (Table 2), written descriptions generally agree with our findings
(Table 1). We believe that the comparison with machine-learning algorithms is thus justifiable.
Participants commonly overlooked the inclination of striae toward the valve ends (stria angle),
which was one of the selected morphological features. Similarly, striation pattern is important
for the identification of molecular lineages in the Gomphonema parvulum (Kützing) Kützing
species complex (Kermarrec et al. 2013). The remaining three features that were important for
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the classification of isolated species were related to valve dimensions, i.e., length, width, and
scores representing valve outlines along the first axis from the morphometric analysis (RW1),
which describes allometric shape changes (Pappas et al. 2014). Selected morphological features
identify species with >93% accuracy. The exception is F. cf. maoriana, which was similar to small
members of the F. crassinervia-saxonica complex. However, the two were not phylogenetically
related; F. cf. maoriana was a sister lineage to the New Zealand endemic F. maoriana (Beier
& Lange-Bertalot 2007). Morphological convergence of F. crassinervia-saxonica and lineages
related to F. maoriana probably reflects allometric scaling relationships that constrain the diminution of valves within individual species as well as the entire genus along similar shape trajectories (Veselá et al. 2009, English & Potapova 2012).
pH is an important factor driving the distribution of freshwater diatoms (Soininen 2007),
including species of the genus Frustulia. We showed that species outside the F. crassinervia-saxonica complex likely occupy a narrow pH range. This observation is consistent with a long-held
view that many diatom species are specialists and with their successful use in paleoecological
reconstructions (Smol & Stoermer 2010) and water quality monitoring (Potapova & Charles
2002, Chessman et al. 2007, Taylor et al. 2007, Rimet & Bouchez 2012). The low abundance
of specialized Frustulia species contrasted with the high abundance and wide pH tolerance of
F. crassinervia-saxonica. We are certain that the predominance of F. crassinervia-saxonica in the
present study and among isolates from central and western Europe (Veselá et al. 2012) is not an
artifact of its easier cultivation because we found the same frequency pattern in benthic populations (Fig. 2). The high abundance of the complex is partly due to the fact that it comprises more
species that we cannot recognize. However, the most abundant lineage (lineage VI) occurred
across the entire environmental gradient examined in this study. Its distribution is either the
result of wide ecological tolerance or effective growth that facilitates source-sink dynamics of
the meta-population and allows the lineage to occur under adverse conditions (Leibold et al.
2004). The question would be ideally addressed by an ecophysiological experiment that examines effect of the pH on growth of individual species.
In conclusion, it is difficult to visually detect morphological differences between closely
related diatom species. Moreover, small members of Frustulia tend to converge with similar
morphologies. As a result, species-specific ecological preferences might be obscured by classification errors. Unlike expert delimitation, the MAAT approach creates a taxonomical system
that is less subjective and therefore less prone to change over time. Moreover, if morphological
differences are sufficient for species identification, machine learning can objectively retrieve
information about the ecology and distribution of species from sediments and benthic populations. Studies using fine-grained taxonomy supported by molecular data can elucidate the
relationships of individual species and environmental parameters, enabling precise ecological
and paleoecological studies.
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Table S1. Sampling sites grouped according to geographical areas A-F (letters correspond to those on
Fig. 2), their environmental characteristics and number of isolated strains. LM/SEM indicates which
technique was used for examination of the natural population - (a) LM, (b) SEM. Number of isolated
strains according to species – (1) F. septentrionalis, (2) F. gaertnerae, (3) F. crassinervia-saxonica, (4) F. cf.
maoriana, and (5) F. krammeri. Alt. – altitude (m), Con. – conductivity (µS·cm-1), na – data not available.
LM/

46
62
36
25
26
6
14
65
12

SEM
ab
b
ab
ab
na
b
a
b
b

1
6
5
1
4
-

2
2
-

Strains:
3
5
2
7
2
1
9
1
-

4
-

5
-

3.7
3.5
3.7
4.0

108
83
97
86

b
a
a
a

-

-

7
7
-

-

-

33
115
353
519
479

na
na
6.8
5.4
6.7

na
na
10
51
57

a
a
b
a
b

-

-

14
3
1
3
5

-

-

63.8703 19.0407
63.5756 19.5726
63.4873 19.7106
near Umea
63.0989 18.4986
64.5770 21.4592

278
47
19
na
173
1

4.1
5.1
5.1
na
5.3
5.5

11
14
27
na
26
27

b
a
ab
b
a
ab

1
1

1
-

6
1
6
6
1

1
1
-

-

May-13

61.6840

25.0103

160

6.5

na

a

-

-

14

-

4

May-13
May-13
May-13

58.8746
58.8762
59.1724

26.2554
26.2744
27.2592

82
87
58

4.3
4.9
4.5

44
15
20

a
a
a

-

-

7

-

-

6

3

33

1

3

Site

Date

GPS coordinates

Alt.

pH

Con.

A

1
2
3
4
5
6
7
8
9

Oct-12
Oct-12
Oct-12
Oct-12
Oct-12
Oct-12
Aug-13
Aug-13
Aug-13

60.6050
60.2365
60.2372
60.5705
60.5656
60.9965
61.5039
62.2811
61.8998

4.8275
5.1260
5.3059
5.5685
5.5794
5.7432
8.8100
9.5606
10.0209

26
63
54
151
152
714
1237
1028
925

5.0
5.2
4.6
5.0
4.9
4.7
6.2
6.2
4.8

B

10
11
12
13

Oct-13
Oct-13
Oct-13
Oct-13

57.2905
57.7665
56.8241
57.5102

13.9749
14.0275
14.0887
14.2687

172
228
154
87

C

14
15
16
17
18

Aug-12
Aug-12
Jun-13
Jun-13
Jun-12

67.9007
68.5636
68.5120
68.4351
67.7870

15.8567
17.2305
17.8457
18.0669
20.2283

D

19
20
21
22
23
24

May-12
Jun-12
Jun-12
Jun-12
Jun-13
Jun-12

E

25

F

26
27
28

Number of morphologically examined strains:
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Table S2. GenBank accession numbers for sequences used for phylogenetic reconstruction. Accession
numbers in bold represent contribution of this study.

F. crassinervia saxonica
lineage V+VI

strain

D1-D2 LSU

strain

rbcL-3P

F22

HE601726

19-2B

HF562240

F33

HE601727

21-9B

HF562239

HE601730

WA2

F59

F395

F106

28-10G
F282

HE601728

HE601733
KU663119

HE601721

20-2F
F45

WA3

HF562238

HF562237
KU663124

KU663125

lineage IV

HE601713

HF562236

lineage VII

HF562279

HF562243

lineage III

HE601712

HF562235

F. gaertnerae

28-9D

KU663122

KF6

KU663129

F. krammeri

JC10

KU663121

JC8

KU663126

F. cf. maoriana

KG11

KU663120

KG11

KU663127

F. septentrionalis

KD2

KU663123

KD2

KU663128

F. maoriana

HF562270

HF562247

F. gondwana

HF562284

HF562246

F. curvata

HE601711

HF562251

F. erifuga

HE601709

HF562244
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Abstract: The rules governing the distribution of species over space and time is a central ecological question. The niche concept and the distinction between fundamental and realized niches
is an important concept that helps us tackle this. Yet fundamental niches are rarely determined
due to the amount of experimental work involved. In benthic freshwater diatoms, as in other
organisms, pH is one of the main determinants of community structure. Despite this, the pHdependent growth of diatoms and how it varies among species has hardly been investigated. We
experimentally determined the pH preferences of 44 strains in the Eunotia bilunaris-flexuosa
species complex. Due to difficulties with morphology-based species delimitation, strains were
first assigned to 15 species using four methods of automated species delimitation on a fourmarker molecular phylogeny. pH preferences of strains were determined in common-garden
experiments where they were grown at ten different pH levels, ranging from 3 to 9. Their growth
rate was determined and modeled in function of pH. This showed that both intra- and interspecific variation in pH preference were present, since the calculated parameters (lower and upper
pH limit, optimal pH, and pH range) all differed significantly between both strains and species.
Moreover, all parameters were significantly correlated with the pH of the source habitat. We
conclude that at least some species in this complex differ in their fundamental niche for pH,
and that this is correlated with their realized niche. Recognizing species diversity in this species
complex should therefore also result in improved environmental reconstructions.
Keywords: Eunotia, pH preferences, freshwater diatoms, intraspecific variation, interspecific
variation, common-garden experiment
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The niche is a fundamental biological concept (Holt 2009), which recently returned to
the center of scientific interest due to its relevance for (meta)community ecology (McGill et
al. 2006, Violle & Jiang 2009), phylogenetic niche conservatism and evolution (Losos 2008,
Wiens et al. 2010), or ecological niche modeling (Guisan & Thuiller 2005, Kearney & Porter
2009, Soberón 2010). Over almost 100 years of its existence (Grinnell 1917), the niche concept
underwent many changes (Chase & Leibold 2003). Its current understanding was strongly influenced by Hutchinson (1957), who distinguished the fundamental and realized niche. Whereas the first represents a hypothetical n-dimensional space of environmental conditions allowing a species’ persistence, the latter describes the species’ actual occurrence in nature. It is the
fundamental niche diminished or enlarged by biotic interactions (e.g. competition, parasitism,
mutualism) and stochastic processes such as dispersal (e.g. dispersal limitation, sink-source dynamics, priority effects) or local extinctions (Pulliam 2000, Soberón & Nakamura 2009).
Studies that compared the realized - fundamental niche relationships, i.e. the relationship between species‘ physiological optima and abundance (or occurrence) in nature, are not
always as straightforward as predicted by classical niche theory (McGill 2012, Thuiller et al.
2014). Alternatively, the relative abundances of the species in a community might be driven by
the dominance-tolerance tradeoff (Wisheu 1998), when species have the same abiotic preferences but differ in their tolerances and competitive abilities (i.e. shared preference model), or
by chance (Hubbell 2001). Despite its importance, the fundamental - realized niche relationship receives relatively little attention, because determination of fundamental niches requires
demanding laboratory or field experiments (McGill et al. 2006). Because of their small size,
rapid growth, short generation times, and relatively simple fundamental niches owing to their
autotrophic lifestyle, unicellular algae are suitable for such experimental studies (Tilman 1977,
Narwani et al. 2013, Sefbom et al. 2015).
One of the crucial environmental factors determining the realized niche of many species
is pH, which is the negative of the decimal logarithm of the hydrogen ion concentration in
an aqueous solution. pH affects the basal functioning of cells as it determines enzyme activity,
membrane permeability, and nutrient ionization, which influences their uptake, metabolism, and
toxicity (Wetzel 2001, Willey et al. 2013). Whereas pH is relatively stable in the ocean (Feely et
al. 2009), it ranges from two to twelve in freshwater systems and soils depending on differences
in geology, hydrology, and ongoing biological processes (Wetzel 2001). Especially for freshwater
and soil organisms pH represents one of the most important environmental factors structuring
communities (Gough et al. 2000, Nyman et al. 2005, Fierer & Jackson 2006, Gubry-Rangin et
al. 2015). This also holds true for diatom communities in lentic freshwater habitats, where pH is
often associated with the main gradient of species turn-over among natural samples (Vanhoutte
et al. 2006, Soininen 2007).
Tight correlation between pH and compositions of diatom communities lead to the
as sumption that many diatom species are pH specialist (Smol & Stoermer 2010). However,
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examination of diatom species from the large dataset of 239 eastern US lakes provided conflict-

ing result depending on the used statistical approach - the number of species that were regarded
as specialist ranged from 29% (Pither & Aarssen 2005, 2006) to 80% (Telford et al. 2006).
Experimental evidence, despite extremely rare, suggest that diatom species often tolerate wider
pH range than expected from their occurrence in nature (Cox 1993).
The entire ecology of diatom species has been based on a species taxonomy built using
morphology. Unfortunately, this is problematic because (pseudo)cryptic species diversity is a
common phenomenon among diatoms (e.g. Amato et al. 2007, Trobajo et al. 2009, Vanormelingen et al. 2013b, Souffreau et al. 2013). Moreover several studies have now shown that

ecophysiological responses may differ among (pseudo)cryptic species (Créach et al. 2006, Souffreau et al. 2013, Rovira et al. 2015), and affect their spatiotemporal distribution in natural
samples (Vanelslander et al. 2009).
Here, we determined the fundamental pH niche of 44 strains belonging to 15 species of
the Eunotia bilunaris/flexuosa complex, a common component of the epiphytic diatom communities in freshwater bodies varying widely in pH (Alles et al. 1991, Lange-Bertalot et al.
2011). Because of the presence of (pseudo)cryptic species diversity in the complex (Vanormelingen et al. 2008, 2015), strains were first assigned to species using a molecular phylogeny based
on four molecular markers, on which several automated species delimitation methods were applied. Next, common-garden experiments in which the strains were grown at different pH levels
were executed to determine and compare the pH preferences of the different species. Finally, we
assessed whether the experimentally determined pH preferences of the strains were reflected in
their natural distribution by correlating the former with the pH of the source locations.

Material and methods

Sampling, culturing and characterization
Samples were collected between 2003 and 2012 from several European localities and the
island Réunion (Suppl. Table 1). Monoclonal cultures were established following Evans et al.
(2007) and originally cultivated in either WC (Guillard & Lorenzen 1972),but without pH adjustment or vitamin addition) or Grundgloeodinium II (GG) medium with added silicate (Von
Stosch & Fecher 1979), but with half the trace metal concentrations of WC, without vitamin
addition and pH adjusted to 4.2-4.5). The first medium was used for samples from meso- to
eutrophic well-buffered waterbodies, the latter for those from more oligotrophic, often acidic,
waterbodies. Later on, we started using our own medium PM at pH 6 for cultivating the strains
(see Suppl. Table 2 for the recipe). The medium was designed to have major ion concentrations
similar to GGII while using the nutrient stock solutions of WC. All available strains displayed
healthy growth in this medium, regardless of their source locality. Cultures were grown at 18°C,
20-30 μmol photons m-2 s-1, and a 12:12 h light:dark cycle and reinoculated every two to three
weeks. For long-term preservation, strains were inoculated into 15 mL Falcon tubes and placed
at lower light (ca. 5 μmol photons m-2s-1) and temperature (ca. 5°C). This way, they could be kept
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for at least half a year without reinoculation.

The 44 strains included in this study were selected from a much larger collection of strains
belonging to the Eunotia bilunaris/flexuosa complex (Vanormelingen et al. 2007, 2008, 2015).
We included, where possible, at least three strains from each species/lineage based on a preliminary rbcL phylogeny of all strains, and when possible from different source locations. The
strains were molecularly characterized using sequences of four markers - cox1 (679 bp, 2 missing sequences), rbcL (1482 bp), V4 SSU rDNA (533 bp), and D1-D3 LSU rDNA (856 bp).
Amplification and sequencing followed Souffreau et al. (2013). Sequences were aligned with the
ClustalW algorithm (Thompson et al. 1994) in the software BioEdit v7.0.3 (Hall 1999). The
concatenated alignment or the phylogeny derived from it was used to assign strains to species by
four different algorithms - the statistical parsimony network analysis (Templeton et al. 1992) as
implemented in the software TCS (Clement et al. 2000), the phylogenetic species delimitation
method bPTP (Zhang et al. 2013), the general mixed Yule-coalescent model (GMYC, Pons et
al. 2006), and the multispecies coalescent model STACEY ( Jones 2015). For details on phylogenetic reconstruction and species delimitation see Suppl. Fig. 1. All strains were morphologically characterized using light microscopy (bright field at 630 or 1000x magnification, using a
Zeiss Axioplan 2 Universal microscope equipped with an AxioCam MRm monochrome digital
camera, Zeiss Gruppe, Jena, Germany) and simple morphometrics (Suppl. Table 3). All strain
information was added to the international barcode database (www.boldsystems.org), and DNA

sequences were also deposited to GenBank (see Suppl. Table 3 for the accession numbers).

Experimental setup
Strains were grown at nine different pH levels (3, 3.5, 4, 4.5, 5, 6, 7, 8, and 9) in PM. pH
of the medium was stabilized with 5-mM MES (for pH 3-7) or HEPES (for pH 7-9). The
cells of all strains looked healthy and grew actively at intermediate pH in PM with both buffer
solutions. However, to account for potential small growth rate differences caused by the buffer,
medium with pH 7 was prepared with both buffers. Consequently, ten treatments were used for
each strain. pH was measured with a PHM210 Standard pH Meter (MeterLab).
To exclude potential effects of varying physiological conditions of the strains (the socalled maternal effects), strains were grown for several generations in early exponential phase
in PM medium with pH 6 prior to each common-garden experiment. This was achieved by
inoculating healthy-looking and actively growing cultures of the strains in 6-well plates at a cell
density low enough to ensure four days of early exponential growth (F0=0.025 as measured by a

PAM fluorometer, see below) in the experimental conditions. During a second four day period,
the medium was replaced daily to assure an exponential growth. After each medium exchange,
plates were placed randomly on the cultivation bench. Medium was also replaced immediately
prior to the experiment. Cultivation and experimental conditions were 18°C, 53-59 μmol photons m-2 s-1, and a 12:12 h light:dark cycle.
Pulse Amplitude Modulated (PAM) fluorometer (Waltz MAXI Imaging-PAM, M-se-
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ries) with default settings (intensity=12, gain=8, damping=1) was used to measure fluorescence

of dark-adapted (15 min at 18°C) cells (F0) and used as a proxy for culture biomass (Consalvey

et al. 2005). For the experiment itself, strains were randomly inoculated in 24-well plates with
starting cell density F0 = 0.025 and left overnight for the cells to settle and attach to the well
bottom. The next day, medium was carefully pipetted out of each well and immediately replaced
by the medium with the desired pH. Cells were left to adapt to the new medium for an hour
before a second medium replacement. Preliminary measurements proved that the second replacement resulted in the desired pH in the well. Biomass (F0) in the wells was measured daily
for 7 days.
For reasons of handling time and experimental space limitation, the three replicates of
each strain were divided over separate experiments. This also ensures repeatability of significant
results with the applied experimental set-up. Any variation between experiments adds up to the
variation between replicates, resulting in insignificant results if experimental results can’t be repeated. Two additional smaller-scale experiments including one or more replicates of 25 strains
had to be set up to have three replicates for each strain - pH combination, because sometimes a
strain failed to grow to a sufficient biomass during the preparation of an experiment to be used
or did not grow during the experiment.
Statistical analysis
Log2-transformed F0 values for each well were plotted against time. Growth rates (num-

ber of divisions per day of exponential growth) were calculated as the slope of the linear part of
each growth curve (Excel 14.0, Microsoft Office, Microsoft, Redmond, USA). When there was
no clear increase in F0 value and thus no exponential phase (nearly lethal and lethal pH levels),
the whole growth curve was used. Growth rates in HEPES-buffered medium (pH 8 and 9)
were adjusted using the growth rate difference in MES- versus HEPES-buffered medium at
pH 7. Since growth rate responses to the variation in pH were unimodal, quadratic regression as
implemented in Statistica 7 (StatSoft, Inc., Tulsa, Oklahoma, USA) was used to model growth
rate in function of pH for each replicate separately. When there was more than one growth rate
below or near zero, only the value for the least extreme pH was used for the quadratic regression, since negative growth can’t be quantified well. From this curve, the following parameters
were calculated: the lower pH limit, the optimal pH, the upper pH limit, and the pH range
over which positive growth was realized. Nested ANOVA with strain as random factor nested
in species for those 13 species for which three strains were available was executed to test the
significance of inter- and intraspecific variation. This was done using QI Macros plugin for
Microsoft Excel (KnowWare International, Inc., Denver, CO, USA). The same plugin was used
for the pairwise comparison of strains by the LSD (Least significance difference) test. The pairwise species comparison was done in R using the Tukey HSD test (package TukeyC, available
from https://CRAN.R-project.org/package=TukeyC). Linear regression was used to correlate
the calculated parameters with the pH of the source habitat (Suppl. Table 1).
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Results

Species delimitation
The molecular phylogeny of the 44 strains and the TCS, GMYC, bPTP, and STACEY
clustering of these strains in species are shown on the supplementary Fig. S1. For convenience,
to lineages identified as species were simply given following numbers. All species delimitation
methods used resolved 13 of these lineages as different species. Two of these were represented
by a single strain (lineages 10 and 12). The two remaining lineages outlined using TCS, the most
conservative method, were resolved by the other methods as one or two species in the case of
lineage 8 and as two to four species in the case of lineage 11. In the phylogenetic reconstruction,
all species except lineage 11 were clearly defined by long branches that terminated by clusters
with limited variation; all received maximal posterior probability (PP) in Bayesian phylogenetic
analysis on the concatenated dataset (BI) and in the reconstruction of the species tree under the
multispecies coalescent model in STACEY. Lineage 11 received high statistical support in the
BI analysis (PP=1), but was not supported in the species tree (PP=0.39). Posterior delimitation
probabilities (PDP) from the bPTP analysis were >0.85 for all species outlined by the TCS
except lineage 13 (PDP=0.56) and Lineage 8 (PDP=0.28).
pH preferences
All strains had a unimodal growth response to pH (Fig. 1) with maximal growth in the
intermediate pH range and strongly decreased or negative growth at both pH extremes. The
strains differed in the width and position along the pH-axis of the response curve. Modeled

optimal pH varied from 4.9–6.8 between the strains, the lower and the upper pH limit from
2.2–3.9 and 6.9–10.7, respectively. The pH range varied from 4.3–7.4 (Fig. 2). All parameters
except pH range were moderately positively correlated (Pearson r2 0.40–0.56, p<0.01). The pH
range was strongly positively correlated with the upper pH limit (r2 = 0.77, p<0.01) and weakly
with the optimal pH (r2 = 0.31 respectively, p<0.01), but not with the lower pH limit (r2 = 0.03;
p = 0.23).
Nested ANOVA showed that the above-mentioned differences among strains in pH
preference parameters were highly significant, and could for a large part be attributed to their
species identity, which was highly significant for all four parameters. There is a sequence of species showing a more or less gradual increase for the upper pH limit and the pH range, and to
a lesser extent the optimal pH. For the lower pH limit, lineage 4 and, to a lesser extent, lineage
2 have a lower value than all other lineages, which have a similar minimal pH limit (Fig. 2,
Suppl. Table 4A and B). However, also the effect of strain (nested within species) was highly
significant, pointing at a substantial amount of intraspecific variation (Table 1). Pairwise comparisons among the strains showed that, despite the limited number of strains per lineage (9
lineages with 3 and 2 lineages with 5 strains), out of a total of 11 lineages, 4 contained strains
that differed significantly in their lower pH limit, 3 lineages in their optimal pH, and 5 lineages
in upper pH limit and pH range (Fig. 2, Suppl. Table 5).
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The pH of the source localities was highly significantly correlated with lower and up-

per pH limits of individual strains (p<0.001; Fig 3). Correlation with the optimal pH and the
pH range of individual strains was significant (p = 0.004 and 0.01, respectively). Species‘ pH
preference parameters (strains average; Suppl. Table 6) and the pH of the source localities were
correlated significantly (p<0.5). The only non-significant correlation was with the species‘ pH
range (p=0.11).

Discussion

Methods used for species delimitation generally agreed upon species limits. Moreover,
the delimitation accorded with earlier studies on the species boundaries of three of our species
(Vanormelingen et al. 2007, 2008, 2015). These studies showed their divergence in morphology and ITS rDNA and, for one species pair, reproductive isolation. Lineage 14 corresponds
to “robust”, lineage 15 to “slender” and lineage 2 to E. cf. mucophila. Lineage 2 and E. cf. mucophila (Vanormelingen et al. 2007) don’t have any strains in common but yet unpublished rbcL
sequences for strains BST1, JP11, and LB5 show that they correspond (Vanormelingen et al.
2007). There were only two lineages for which not all species delimitation methods agreed; for
the first (lineage 8) the slightly higher intraspecific divergence might be caused by a combination of a limited number of strains used and geographical differentiation of distant populations
(Scotland, Norway, Sweden). However, similarly to the other lineages, it had a long and wellsupported branch, which is considered indicative for the species level (Suppl. Fig. 1). The second
problematic, lineage 11, was clade “labile” from Vanormelingen et al. (2008). In this case, the
higher genetic variation can be explained by the occurrence of strains with apomictic behavior
intermixed with heterothallic strains (Vanormelingen et al. 2008). Among the new strains used
for this study, uniparental auxosporulation (presumably apomixis) was also observed in HOH14
and HOH53, but never in LADa_19 and LVOIL242 (P. Vanormelingen, unpubl.), despite the
latter two being well below the reported size threshold for the behavior. The means of reproduction affect interspecific genetic variability and tree branching (Schwander et al. 2011, Tang et al.
2014) and delimitation of asexual lineages that reside among sexual species might be problematic for automatic species delimitation methods. Here, we took a conservative approach, and for
now treated ‘labile” as s single species. Regardless, this doesn’t affect the results. Both interspecific and intraspecific variation in pH preference parameters remained highly significant when
lineage “labile” was excluded from the nested ANOVA, with the single exception. The p-value
for intraspecific variation in the lower pH limit increased to significant (p=0.026).
We found that the physiological response to pH significantly varies among species of the
Eunotia bilunaris/flexuosa complex. Species specific responses to environmental variables have
been previously found between other morphologically highly similar diatom species that were in
the past lumped into a single species and viewed as ecological generalists (Poulíčková et al. 2008,
Vanelslander et al. 2009). Likewise, Eunotia bilunaris was regarded to be indifferent towards pH
(Alles et al. 1991; Van Dam et al. 1994). Despite the fact that in recent years quite some new
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species have been described and split off from Eunotia bilunaris and E. flexuosa (Lange-Bertalot

et al. 2011), at least 6 of the here used lineages (1,3,4,9,10,11,12), with sometimes very different
pH preferences, would still be identified as E. bilunaris based on morphology.
The fact that strains from different samples were established in culture media with different pH (medium GGII versus WC) could potentially have added to the interspecific variation. Specifically, if there was a strong selection for strains tolerating the pH of the isolation
medium, then part of the intraspecific variation in pH preferences would be wrongly attributed
to species-level differences. However, we find this scenario highly unlikely, because of the high
isolation success throughout - virtually every healthy cell isolated started vegetative divisions.

The only exception was a case where we misjudged the medium. Then, isolated cells looked
unhealthy, grew slowly, clumped together, and after some time, started to die off. Once we replaced the medium, all strains resumed a healthy appearance and an exponential growth. In the
new PM pH 6 medium, which is described in this paper, all species grew vigorously. The PM
medium can thus be used to isolate and grow both eutrophic high pH and oligotrophic low
pH Eunotia (and probably many other diatoms as well). If used from the beginning, it would
exclude even the possibility of such a bias.
Distribution of newly erected species in E. bilunaris/flexuosa complex is unknown and
therefore, we could not compare experimentally determined pH preferences with realized niches. However, significant correlation between the estimated growth statistics and the pH of the
source habitat suggests that the measured physiological response has a bearing on the distribution of the examined species. Our results agree with the field observational studies on diatoms,
which marked pH as the important environmental filter in freshwater habitats (Soininen 2007).
Even though the source locality pH is not the one where the optimal growth occurred, it lies,
with one exception, within the range marked by 50% of the maximal and minimal growth rate.
Species are clearly well adapted to the source habitat and the biotic interactions are likely not
frequent enough to confound the relationship. Yet to evaluate the role of processes such as
competition and founder effects, we would need to examine realized niches of our species. In
future, molecular barcodes could be used to identify our species in environmental samples, infer
their distribution and relative abundances, and compare them with the responses measured in
our study. Three points together suggest that pH influences the distribution of species in the E.
bilunaris/flexuosa complex in nature, either directly or through changes in competitive hierarchy
between species. These are (1) the differences between species in pH preference, (2) the positive
correlation between pH preference parameters and pH of the source habitat, and (3) the strong
reductions in growth rate or even lethality of pH values above 7 or below 4 for several species,
values which are regularly measured in the field.
Constraints on the lower pH limit are more stringent than the evolution towards tolerance of the higher pH in the species complex Eunotia flexuosa/bilunaris. In our study niche
width (pH range) is mainly determined by the upper pH limit. Lower pH limit for most of
our species lies around pH 3.5. Generally, only few diatom species can live in extremely acidic
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habitats, most species disappear from environmental records between pH 3.5 and 4.5 (DeNicola

2000). Overcoming the barrier of the low pH seems problematic and it may play an important
role in evolution of the group (Škaloud et al. 2014, Gubry-Rangin et al. 2015) Alas, based on
phylogeny we are not able to determine whether the tolerance of the low pH evolved once or
repeatedly, because the markers used in our study were not able resolve relationships between
species. In any case, the significant positive correlations between the pH of the source habitat
and the pH preferences of the strains show that the first can be used as a proxy for pH preference. In future, this relationship might be used to examine evolution of the pH preference in
Eunotia bilunaris/flexuosa species complex.

Beside differences between species, we also found significant variation among strains
within individual species. Physiological differences between sympatric clones as well as between geographically or temporarily separated diatom populations were found before (Rynearson & Armbrust 2004, Saravanan & Godhe 2010, Gsell et al. 2012). Despite the predominance
of asexual reproduction in diatom life cycle, there is often a high genotypic variation within
diatom populations (Evans et al. 2009, Vanormelingen et al. 2015) Physiological variability
among sympatric clones can thus be accounted to differences in their genetic and/or epigenetic
makeup (Maumus et al. 2011, Mock et al. 2017). Variety found among allopatric strains accords
with metapopulation structure found in genetic studies on both freshwater and marine diatoms
(Cerino et al. 2005; Evans et al. 2009; Saravanan & Godhe 2010).
To sum up, processes that drive distribution of diatom species are still poorly understood
and are confounded by taxonomic inaccuracy. Our experiment showed that species from the
complex Eunotia bilunaris/flexuosa are not ecologically equivalent and that pH preferences of
individual species correlate with their distribution in nature. Our failure to correctly identify
species leads to erroneous conclusions regarding their ecology and geographical distribution
and might compromise results of ecological studies.
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Table 1. Results of two-way nested ANOVA testing the effect of species and strain identity (random factor nested in species) on the lower pH limit, optimal pH,
upper pH limit, and pH range for strains belonging to the Eunotia bilunaris/flexuosa species complex.
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Figures

Figure 1. Growth rate in function of pH for four species of the Eunotia bilunaris/flexuosa species complex with contrasting pH preferences. Depicted are species Curved1 (black diamonds), Mucophila2
(black circles), Flexuosa1 (gray diamonds), and Robust (black diamonds). The species average and standard deviation are given for each of the tested pH values.
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Figure 2. pH preferences of 44 strains belonging to 15 species in the Eunotia bilunaris/flexuosa complex.
Upper graph shows pH range. Lower graph shows the optimal pH (dots), the lower (reversed triangles)
and upper (triangles) pH limit. Strains are grouped per species (separated by a vertical line).
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Figure 3. Correlations between the pH of the source habitat and the experimentally determined pH
preference of Eunotia bilunaris/flexuosa strains. The pH of the source habitat is correlated with the lower
and upper pH limit (R2 = 0.5504 and 0.4839 respectively), the optimal pH (R2 = 0.2715), and the pH
range (R2 = 0.2194). The first two correlations are highly significant (P < 0.001), the latter two are just
significant (P < 0.05).
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Ull al d e l a C arr o b a 2, E br e d elt a, S p ai n ( 4 0° 4 4’ 4 6’’ N, 0° 3 3’ 2 2’’ E)

Vers aill e u x, D o m b es, Fr a n c e ( 4 5° 5 9’ 3 9” N, 5° 0 5’ 4 7” E)

P o n d nr. 3 3, D e M at e n, B el gi u m ( 5 0° 5 6’ 5 9” N, 5° 2 7’ 1 1” E)

M ell a n Rissj ö n, Väst er b ott e n, S w e d e n ( 6 4° 4 4’ 6 0” N, 1 5° 2 8’ 6 0” E)

C z e c h R e p u bli c

‘ War a n d e vij v er‘, B el gi u m ( 5 0° 4 7’ 5 6” N, 4° 4 0’ 0 5” E)

Bř e h y n ĕ, C z e c h R e p u bli c ( 5 0° 3 5‘ 0. 7 4 5“ N, 1 4° 4 2‘ 1 4. 0 2 2“ E)

L a k e L o m b ol a, Tr o ms, N or w a y ( 6 9° 0 7’ 0 0” N, 1 9° 0 4’ 6 0” E)

Pl ai n e d es C hi c ots, L a R é u ni o n

C z e c h R e p u bli c ( 5 0° 3 4’ 3 3. 7 8 0” N, 1 4° 4 0’ 1 1. 8 8 1” E)

C z e c h R e p u bli c ( 5 0° 3 5’ 4 2. 7 0 1” N, 1 4° 3 8 ‘ 3 5. 2 7 0” E)

J el e ní L o u ž e, C z e c h R e p u bli c ( 5 0° 5 3’ 3 2” N, 1 4° 1 6’ 2 0” E)

‘ H a ut es Fa g n es’ n ati o n al p ar k, B el gi u m ( 5 0° 3 4’ 0 1. 8 8” N, 6° 1 0’ 4 5. 9 4” E)

N at ur e r es er v e “ D e M at e n”, G e n k, B el gi u m ( 5 0° 5 7’ 0 9” N, 5° 2 7’ 0 3” E)

N at ur e r es er v e “ K al mt h o uts e H ei d e”, K al mt h o ut, B el gi u m

L o c ati o n

S u p pl e m e nt a r y T a bl e 1 . S a m pl e i nf o r m ati o n

S u p pl e m e nt ar y m at eri al

0 4/ 0 6/ 2 0 0 3

2 3/ 0 8/ 2 0 0 8

1 6/ 0 6/ 2 0 0 8

0 4/ 0 6/ 2 0 0 3

0 2/ 0 7/ 2 0 0 9

2010

1 7/ 0 8/ 2 0 0 8

1 6/ 1 0/ 2 0 1 1

2 9/ 0 6/ 2 0 0 9

1 2/ 2 0 1 2

1 6/ 1 0/ 2 0 1 1

1 6/ 1 0/ 2 0 1 1

3 1/ 1 0/ 2 0 0 9

3 0/ 1 0/ 2 0 1 0

1 0/ 0 6/ 2 0 0 4

2 9/ 0 8/ 2 0 1 2

S a m pli n g d at e

6. 8

3

7. 5 5

7. 5 8

7. 2 4 1

na

na

7. 7 9

6. 4

na

na

5. 6 2

3. 7 7

3. 7 7

3. 6 1 2

5. 5 2 1

na

p H
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M a n us cr i pt u n d er r e vi e w b y c o - a ut h ors

11

12, 15, 23, 48, 50

19

180

14, 53

242

MAN

LADm

LADa

LARD

HOH

LVOIL

Loch Voil, at Rhuveag, Scotland, U.K. (56° 20’ 43” N, 4° 27’ 10” W)

‘Hautes Fagnes’ national park, Belgium (50° 34’ 18.93” N, 6° 10’ 50.17” E)

Loch Ard, Scotland, U.K. (56° 11’ 10” N, 4° 27’ 41” W)

Lochan an Daim, Scotland, U.K. (56° 41’ 22” N, 4° 05’ 37” W)

Lochan an Daim, Scotland, U.K. (56° 41’ 22” N, 4° 05’ 37” W)

Loch Kinardochy, Scotland, U.K. (56° 40’ 14” N, 4° 00’ 05” W)

Bulgaria

2

1

Measured on 28/05/2008
Measured on 20/01/2014
3
Measured on 12/06/2003 by Frank Van de Meutter
4
Measured on 20/08/2007 by Nick Stewart

24

TOR

29/09/2005

30/10/2010

29/09/2005

27/08/2008

07/05/2008

07/05/2008

2011

6.786

5.412

6.685

6.94

6.94

7.84

na
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50
25

0.3676

14.21

3.15

0.5

2.18

1.575

0.005

0.011

0.005

0.09

0.003

CaCl2.2H2O

Na2SiO3.7H2O

NaHCO3

H3BO3

Na2EDTA

FeCl3.6H2O

CuSO4.5H2O

ZnSO4.7H2O

CoCl2.6H2O

MnCl2.4H2O

Na2MoO4.2H2O

50

50

50

50

50

50

50

50

1

10

3.697

MgSO4.7H2O

33.3

66.7

Percentage of WC (%)

2.903

Final concentration
(mg/l)
56.67

K2HPO4

NaNO3

Nutrient

9

9

9

9

8

8

8

7

6

5

4

3

2

1

Stock solution

Supplementary Table 2. Recipe of PM medium. Final nutrient concentrations are indicated in absolute numbers as well as in percentage of the concentration
in WC medium. Nutrient stock solutions are 1000x concentrated and stored in the dark at fridge temperature. pH is adjusted to the desired value using drops of
1M HCl before autoclaving.
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Strain

CZA1

WAR44

SW2_26

SW2_29

SW2_32

REU12-3_12

REU12-3_14

REU12-3_5

HELL19

JL1_1

KALM1_3

KALM1_5

Lineage

1

1

2

2

2

3

3

3

4

4

4

4

EUNOT081-15

EUNOT080-15

EUNOT002-10

EUNOT085-15

EUNOT181-15

EUNOT183-15

EUNOT182-15

EUNOT140-15

EUNOT139-15

EUNOT141-15

EUNOT152-15

EUNOT151-15

BOLD

MH273096

MH273081

MH273076

MH273104

MH273111

MH273077

MH273105

MH273090

MH273087

MH273092

MH273109

MH273078

rbcL

MH272971

MH272953

MH272948

MH272980

MH272988

MH272949

MH272981

MH272965

MH272961

MH272967

MH272985

MH272950

D1-D3 LSU

MH273013

MH272996

MH272991

MH273022

MH273030

MH272992

MH273023

MH273008

MH273004

na

MH273027

MH272993

V4 SSU

GenBank accession number

MH273055

MH273038

MH273033

MH273064

MH273072

MH273034

MH273065

MH273049

na

MH273051

MH273069

MH273035

Cox1

67,3±0,7

92,1±0,8

57.2±1

57.2±1.6

48±1.2

34.1±0.8

32.5±1

43.4±1.5

23.4±2.8

30.1±3.6

21.5±1

33.3±0.9

(µm)

Length

3,6±0,1

3,5±0,2

4.2±0.1

4.5±0.3

4.1±0.2

4.5±0.2

4.7±0.2

2.9±0.5

2.8±0.4

3±0.4

4.2±0.2

4.2±0.2

(µm)

Width

15,6±0,7

16,6±0,8

16.2±0.6

15.7±0.7

17.5±0.5

17.4±0.7

18.2±0.8

23.3±1

24.6±1

23.5±0.7

16.7±0.5

17.7±1.1

(n/10 µm)

density

Stria

Morphology

6,1±0,4

7,9±0,3

6.1±0.3

5.9±0.2

3.7±0.2

2.9±0.1

3.4±0.3

3.7±0.2

2.7±0.3

3.4±0.2

2.1±0.2

2.7±0.2

Curva-

ture (µm)

Supplementary Table 3. BOLD and Genbank accession numbers and morphological characteristics (average ± standard deviation from ten measurements) of
the 44 Eunotia bilunaris/flexuosa strains for which pH preferences were determined. GenBank accession numbers new for this study are in bold. Valve curvature
is the distance of the two parallel lines; one touching the backside of each valve tip, the other touching the backside in the middle of the valve.
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NOS14

SPAG24

MELG12

MELH24

LOM25

LOM6

LOM7

SITE19

SITE23

SITE25

LADm_50

LOM12

MELG1

LADm_12

LADm_15

LADm_48

LOM13

4

4

5

5

6

6

6

7

7

7

8

8

8

9

9

9

10

EUNOT052-10

EUNOT098-15

EUNOT097-15

EUNOT096-15

EUNOT050-10

EUNOT043-10

EUNOT177-15

EUNOT079-15

EUNOT078-15

EUNOT077-15

EUNOT047-10

EUNOT033-10

EUNOT058-10

EUNOT057-10

EUNOT053-10

EUNOT068-10

EUNPH001-16

MH273108

MH273093

MH273099

MH273103

MH273086

MH273106

MH273102

MH273112

MH273085

MH273101

MH273110

MH273083

MH273097

MH273095

MH273082

MH273098

MH273094

MH272984

MH272968

MH272974

MH272979

MH272960

MH272982

MH272978

MH272989

MH272958

MH272976

MH272986

MH272956

MH272972

MH272970

MH272954

MH272973

MH272969

MH273026

MH273010

MH273016

MH273021

MH273003

MH273024

MH273020

MH273031

MH273001

MH273018

MH273028

MH272999

MH273014

MH273012

MH272997

MH273015

MH273011

MH273068

MH273052

MH273058

MH273063

MH273045

MH273066

MH273062

MH273073

MH273043

MH273060

MH273070

MH273041

MH273056

MH273054

MH273039

MH273057

MH273053

52±1.2

72.6±0.9

75±1

74.9±1

62.9±1.7

119±2

90.8±0.8

134.2±14.5

91.3±2.1

156.4±2

150.5±1.8

145.6±1.4

131.8±3.2

123.1±1

117.8±1.6

73.6±1.2

36.6±1.9

4±0.2

4.9±0.1

4.6±0.2

4.7±0.2

4.1±0.3

3.7±0.2

4.4±0.1

4.8±0.4

4.3±0.3

4.3±0.5

5.2±0.3

5.4±0.3

5.6±0.5

4.9±0.2

4.9±0.4

4.1±0.3

4.5±0.3

16.1±1.5

14.2±0.6

14.2±0.4

14.3±0.5

18.3±1.1

18.2±1.1

16.4±0.5

15.1±0.7

15.7±0.9

14.9±0.7

15.8±1.1

13.9±1.4

14.3±1.3

15.3±0.9

16±0.8

16.8±0.9

16.3±0.7

4.1±0.2

7.2±0.3

8.2±0.2

7.8±0.3

3.4±0.2

4.3±0.2

4,7±0,2

5.8±0.8

4.5±0.5

5.4±0.7

2.8±0.3

3.6±0.6

2.9±0.6

6.9±0.6

6.4±0.4

9.1±0.5

4.7±0.3
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DM33-5

HOH14

HOH53

LADa_19

LVOIL242

TOR24

LADm_23

LARD180

MAN11

DM22-4

DM33-8

ULLA_3

DM33-16

MELG8

VERS_16

11

11

11

11

11

12

13

13

13

14

14

14

15

15

15

EUNOT175-15

EUNOT051-10

EUNOT020-10

EUNOT155-15

EUNOT016-10

EUNOT001-10

EUNOT046-10

EUNOT032-10

EUNOT055-10

EUNOT100-15

EUNOT027-10

EUNOT109-15

EUNOT116-15

EUNOT115-15

EUNOT014-10

MH273080

MH273091

KT288128.1

MH273084

KT288133.1

KT288134.1

MH273088

MH273100

KT288152.1

MH273107

MH273079

MH273074

MH273089

MH273075

KT288121.1

MH272952

MH272966

MH272987

MH272957

MH272959

MH272977

MH272962

MH272975

MH272955

MH272983

MH272951

MH272946

MH272963

MH272947

MH272964

MH272995

MH273009

MH273029

MH273000

MH273002

MH273019

MH273005

MH273017

MH272998

MH273025

MH272994

na

MH273006

MH272990

MH273007

MH273037

MH273050

MH273071

MH273042

MH273044

MH273061

MH273046

MH273059

MH273040

MH273067

MH273036

na

MH273047

MH273032

MH273048

60.7±0.9

89.1±1.8

61±0.7

66,4±1,3

89.5±2.1

53.3±1.3

83.4±1

57.4±1.9

122.1±1.4

52.3±2.7

41.4±1.1

67.3±0.7

51.9±0.7

89.7±1.1

81.6±1.4

3±0.1

3.4±0.3

3.7±0.2

4,5±0,3

4.8±0.4

4.7±0.2

4.7±0.1

4.5±0.2

5.6±0.2

4.5±0.3

3.4±0.1

3.6±0.2

3.6±0.2

3.8±0.2

4.8±0.2

18.9±0.7

17.1±0.9

17.9±0.6

13,2±0,6

13.7±0.7

12.6±0.5

12.8±0.4

13.3±0.5

14.2±0.6

15±0

17.5±0.5

16.7±0.8

17.5±0.5

17±0.7

15.3±0.8

2.8±0.1

4.1±0.3

2.9±0.3

3,8±0,4

4.5±0.4

4.2±0.2

4±0.3

3.1±0.4

4.7±0.3

4.4±0.3

3±0.2

5.7±0.4

3.8±0.2

5±0.2

5,4±0,8
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0.018

0.619

0.568

0.751

1.678**

1.823***

1.453*

1.279*

1.259*

1.151

3

4

6

7

8

9

11

13

14

15

2

2

1.134

1.242*

1.262*

1.435*

1.805***

1.66**

0.733

0.55

0.637

0.441

3

1.771***

1.879***

1.899***

2.072***

2.442***

2.297***

1.37***

1.187

0.987***

0.547

4

0.583

0.691

0.711

0.885

1.255*

1.11

0.183

1.142***

0.154

0.595*

6

0.4

0.508

0.528

0.702

1.072

0.927

0.053

1.088***

0.101

0.542

7

0.526

0.418

0.399

0.225

0.145

0.154

0.207

0.935***

0.053

0.388

8

0.672

0.564

0.544

0.37

0.208

0.054

0

1.142***

0.155

0.596*

9

0.302

0.194

0.174

0.185

0.023

0.131

0.184

0.957***

0.03

0.411

11

0.128

0.02

0.009

0.176

0.032

0.122

0.176

0.966***

0.021

0.42

13

0.108

0.383

0.391

0.207

0.414

0.26

0.207

1.349***

0.361

0.802**

14

0.419

0.036

0.027

0.212

0.005

0.158

0.212

0.93***

0.057

0.384

15

Supplementary Table 4A. Pairwise differences in pH preference parameters (above the diagonal - lower pH limit, below the diagonal - upper pH
limit) among species in the Eunotia bilunaris/flexuosa complex. Significance of differences is marked by stars (* 0.05/ ** 0.01/ *** 0.001).

102
Manuscript under review by co-authors

0.296

0.09

0.663

0.015

0.529

0.659

0.702

0.407

0.74

0.46

3

4

6

7

8

9

11

13

14

15

2

2

0.164

0.444

0.111

0.405

0.362

0.233

0.281

0.367

0.386

0.423

3

0.55

0.83*

0.497

0.792*

0.749

0.619

0.105

0.753

0.35

0.073

4

0.203

0.077

0.256

0.039

0.004

0.134

0.648

0.046

0.396

0.027

6

0.445

0.725

0.392

0.686

0.643

0.514

0.236

0.282

0.632

0.209

7

0.069

0.211

0.122

0.173

0.129

1.081

1.317

1.363

1.713*

1.29

8

0.199

0.082

0.252

0.043

0.062

1.018

1.255

1.3

1.651*

1.227

9

0.242

0.038

0.295

0.185

0.248

0.833

1.069

1.115

1.465

1.042

11

0.053

0.333

0.183

0.368

0.43

0.65

0.887

0.932

1.283

0.86

13

0.28

0.402

0.585

0.77

0.833

0.248

0.484

0.53

0.88

0.457

14

0.311

0.092

0.274

0.46

0.522

0.559

0.795

0.841

1.191

0.768

15

Supplementary Table 4B. Pairwise differences in pH preference parameters (above the diagonal - optimal pH, below the diagonal - pH range) among species
in the Eunotia bilunaris/flexuosa complex. Significance of differences is marked by stars (* 0.05/ ** 0.01/ *** 0.001).

Paper IV
103

Strain combination

SW2_26 vs. SW2_29

SW2_29 vs. SW2_32

REU12-3_12 vs. REU12-3_5

REU12-3_14 vs. REU12-3_5

HELL19 vs. NOS14

HELL19 vs. KALM1_3

HELL19 vs. KALM1_5

JL1_1 vs. NOS14

JL1_1 vs. SPAG24

JL1_1 vs. KALM1_3

NOS14 vs. SPAG24

NOS14 vs. KALM1_3

NOS14 vs. KALM1_5

SPAG24 vs. KALM1_3

SPAG24 vs. KALM1_5

KALM1_3 vs. KALM1_5

LOM25 vs. LOM6

LOM25 vs. LOM7

LOM6 vs. LOM7

LADm_50 vs. LOM12

Lineage

Lineage 2

Lineage 2

Lineage 3

Lineage 3

Lineage 4

Lineage 4

Lineage 4

Lineage 4

Lineage 4

Lineage 4

Lineage 4

Lineage 4

Lineage 4

Lineage 4

Lineage 4

Lineage 4

Lineage 6

Lineage 6

Lineage 6

Lineage 8

ns.

p<0.001

ns.

p<0.05

ns.

ns.

ns.

ns.

ns.

ns.

ns.

ns.

p<0.01

ns.

p<0.01

p<0.05

ns.

ns.

ns.

ns.

Lower pH limit

p<0.01

p<0.001

ns.

p<0.001

ns.

ns.

ns.

p<0.05

p<0.001

p<0.001

ns.

ns.

p<0.05

ns.

ns.

p<0.05

ns.

p<0.01

p<0.01

ns.

pH optimum

p<0.001

p<0.001

p<0.05

p<0.001

p<0.001

p<0.01

p<0.01

ns.

p<0.001

p<0.05

p<0.001

p<0.01

ns.

ns.

p<0.001

ns.

ns.

ns.

ns.

ns.

Upper pH limit

p<0.001

p<0.001

p<0.001

p<0.001

p<0.001

p<0.01

p<0.01

ns.

p<0.001

p<0.001

p<0.05

ns.

p<0.05

p<0.01

ns.

p<0.001

p<0.01

ns.

ns.

p<0.01

pH range

Supplementary Table 5. Strain combinations differing significantly in pH preference in lineages in the E. bilunaris/flexuosa
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LADm_50 vs. MELG1

DM33-5 vs. LADa_19

DM33-5 vs. LVOIL242

DM33-5 vs. HOH14

DM33-5 vs. HOH53

LADa_19 vs. LVOIL242

LADa_19 vs. HOH14

LVOIL242 vs. HOH14

LVOIL242 vs. HOH53

HOH14 vs. HOH53

LADm_23 vs. MAN11

LARD180 vs. MAN11

DM22-4 vs. DM33-8

DM22-4 vs. ULLA_3

DM33-16 vs. MELG8

MELG8 vs. VERS_16

Lineage 8

Lineage 11

Lineage 11

Lineage 11

Lineage 11

Lineage 11

Lineage 11

Lineage 11

Lineage 11

Lineage 11

Lineage 13

Lineage 13

Lineage 14

Lineage 14

Lineage 15

Lineage 15

ns.¬

p<0.01

ns.

ns.

ns.

ns.

p<0.01

ns.

p<0.001

ns.

p<0.01

ns.

p<0.05

ns.

ns.

ns.

ns.

ns.

p<0.001

p<0.001

ns.

ns.

ns.

p<0.001

p<0.001

ns.

p<0.05

ns.

ns.

p<0.001

ns.

p<0.01

p<0.001

p<0.001

p<0.05

p<0.001

p<0.01

p<0.05

p<0.05

p<0.01

ns.

p<0.01

ns.

ns.

ns.

ns.

ns.

p<0.001

p<0.001

p<0.001

ns.

p<0.05

p<0.05

p<0.001

ns.

p<0.001

p<0.05

ns.

p<0.001

p<0.01

ns.

ns.

p<0.01

p<0.001
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Lower pH limit

2.95 (±0.13)

3.39 (±0.19)

2.41 (±0.23)

3.55 (±0.35)

3.49 (±0.11)

3.34 (±0.13)

3.55 (±0.07)

3.36 (±0.28)

3.37 (±0.09)

3.76 (±0.14)

3.34 (±0.2)

Lineage

Lineage 2

Lineage 3

Lineage 4

Lineage 6

Lineage 7

Lineage 8

Lineage 9

Lineage 11

Lineage 13

Lineage 14

Lineage 15

5.79 (±0.17)

6.07 (±0.5)

5.74 (±0.1)

6.03 (±0.07)

5.99 (±0.06)

5.86 (±0.22)

5.35 (±0.05)

5.99 (±0.41)

5.24 (±0.36)

5.63 (±0.22)

5.33 (±0.21)

Optimal pH

9.29 (±0.56)

9.39 (±0.4)

9.41 (±0.27)

9.59 (±0.2)

9.96 (±0.12)

9.81 (±0.82)

8.89 (±0.03)

8.7 (±0.62)

7.52 (±0.55)

8.15 (±0.02)

8.13 (±0.06)

Upper pH limit

Supplementary Table 6. Average pH preference parameters for species (± SD).

5.95 (±0.74)

5.64 (±0.28)

6.04 (±0.36)

6.22 (±0.19)

6.41 (±0.15)

6.47 (±0.85)

5.39 (±0.14)

5.15 (±0.96)

5.11 (±0.56)

4.76 (±0.21)

5.18 (±0.19)

pH range
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Supplementary figure 1. Phylogenetic species delimitation. BI molecular phylogeny of Eunotia
bilunaris/flexuosa strains based on the concatenated alignment of cox1, rbcL, V4 SSU and D1-D3 LSU
sequences. Species delimitation by different methods is indicated to the right of the tree. Grey lines in
the TCS column indicate species that were removed from the TCS analysis due to missing data. Branch
support – PP from the BI analysis of the concatenated data/ PP from the STACEY species tree reconstruction/ PDP from the bPTP analysis.

Phylogenetic inference was done using BI based on the concatenated alignment (3550
bp) in MrBayes 3.2.2 (Huelsenbeck & Ronquist 2001, Ronquist & Huelsenbeck 2003) using
the CIPRES Science Gateway v.3.3 (Miller et al. 2010). The optimal partitioning strategy and
model of sequence evolution for each marker were selected according to the Bayesian information criterion (Schwarz 1978) with PartitionFinder v1.0.1. (Lanfear et al. 2012). The program
was set to explore models available in MrBayes. The selected partitioning strategy was as follows:
LSU + V4 SSU - GTR+I+G; 1st, 2nd, and 3rd codon position of cox – SYM+I+G, HKY+I, and
GTR+G, respectively; 1st, 2nd, and 3rd codon position of rbcL– F81+I, HKY+G. and GTR+I+G.
Two parallel MCMC runs were carried out for 10 million populations and sampled every 100th
generation. Effective sample size for each parameter (ESS) and the convergence of the two
MCMC runs was explored in Tracer v1.5.0 (Rambaut & Drummond 2007). The first 25% of
the samples were discarded.
The first automated species delimitation method, statistical parsimony network analysis
(TCS), is based on the 95% connection limit in a statistical parsimony network (Templeton
et al. 1992). Networks were reconstructed in the software TCS (Clement et al. 2000). As the
program cannot deal with the missing and ambiguous data, we removed strains with missing
or incomplete marker sequence and positions with ambiguous bases. Final concatenated alignment had 37 strains and was 2502 bp long. Second method, bPTP, uses non-ultrametric phylogenetic trees to find transitions between hierarchical (phylogenetic) and reticulate evolutionary
relationships, which represent species limits (Zhang et al. 2013). We used the online version
(http://species.h-its.org/ptp) of the program and the tree from BI phylogenetic reconstruction. Third, we used the package STACEY ( Jones 2015) in the BEAST2 program (Bouckaert
et al. 2014). STACEY uses multiple molecular markers to simultaneously infer species tree
and species delimitation under the multispecies coalescent model. We split our data into three
partitions - rbcL, cox1, and LSU + V4 SSU. Each partition had its own GTR+G+I substitution model, relaxed lognormal clocks, and Yule tree prior. We run two analyses for 200 million
generations each, sampling every 10,000th tree. The runs and their convergence were examined
in the Tracer v1.5.0 (Rambaut & Drummond 2007). 25% of the initial trees were discarded
prior to the species delimitation analysis and species tree reconstruction. The final method used
for species delimitation was the online version of the GMYC algorithm, which is based on the
strong increase in branching rates in a molecular ultrametric phylogeny when going from above
to below the species level (Pons et al. 2006). The input for the GMYC analysis was the STACEY species tree from the previous analysis.
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4. Summary and conclusions

There is mounting evidence that the traditional morphological delimitation of diatom
species is fallible. In response, the diatom species concept is changing and especially molecular
data are gaining importance. Therefore, my research examined the role of molecular data in diatom taxonomy and the consequences of the newly adopted species concept in diatom ecology.

Taxonomy

To gain the most from the molecular methods, it is necessary to examine different molecular markers and delimitation and identification approaches on model groups, i.e., species
complexes or groups of closely related species. The models used in my research were the species
complex Eunotia bilunaris-flexuosa and the genus Frustulia. The first model currently comprises
15 (pseudo)cryptic lineages, which were either published (Vanormelingen et al. 2007, 2008,
2015) or identified in the present thesis (paper IV). The second model, the genus Frustulia, consists of the species complex F. crassinervia-saxonica (Veselá et al. 2012, paper I, and III) and 12
molecular lineages corresponding to species that were described based on morphology (paper I,
II, and III). However, an apparent lack of cryptic diversity in these species might be caused by
limited sampling, both geographically and quantitatively.
My sampling covered Europe and New Zealand South Island, one of the most distant locations on Earth. Even though there are species that live in both Europe and Australasia (Evans
et al. 2007, Vanormelingen et al. 2013), many others and entire genera from New Zealand have
never been encountered in Europe (Sabbe et al. 2001, Novis et al. 2008, paper II), which is the
most thoroughly studied place on Earth. Nowadays, there is no doubt that diatom distribution
is often limited by geographical distance (Vyverman et al. 2007, 2010, Kermarrec et al. 2013a,
Abarca et al. 2014, Nanjappa et al. 2014, Rimet et al. 2014). Our chances of finding siblings of
our species would be increased if we searched elsewhere, e.g., in Asia for European lineages and
in Oceania for lineages from New Zealand.
The other reason why we have not found cryptic siblings of our species might be undersampling. The number of examined strains in my research was limited by the labor-intensive
strain isolation. The chances of recovering extremely rare taxa were thus low. In other protist
groups, in-depth diversity studies that used next-generation sequencing techniques revealed an
extensive rare biosphere, i.e., a large number of species that are present in low relative abundances (Logares et al. 2014, Lynch & Neufeld 2015, Weisse et al. 2016). Unfortunately, the data
on rare diatom biosphere are scarce, and thus it is difficult to assess the diversity that we have
potentially missed. However, scientists posit that sex sets a lower bound on species abundance.
Rare sexual species have a low chance of encountering a sexual partner and are thus prone to
extinction (Kunin & Gaston 2012). Because sexual reproduction prevails in diatoms (Round et
al. 1990, Chepurnov et al. 2004), the number of extremely rare species is theoretically low, and
the mistakes caused by overlooking rare species might be relatively small.
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The scale of cryptic diversity recovered among diatoms implies that diatom taxonomy

needs to be thoroughly revisited. Molecular methods will undoubtedly play a central role in
this task; their power, availability, and affordability are rapidly increasing. Moreover, as we understand DNA evolution, we are able to quantify the credibility of our conclusions regarding
species limits (Leliaert et al. 2014). Even though species delimitation using multi-locus datasets
is undoubtedly superior to a rough assessment of species boundaries using one or two barcode
markers, the latter can considerably speed up the revision. Moreover, environmental studies using the metabarcoding approach currently rely on single-locus species identification (Kermarrec
et al. 2014, Visco et al. 2015, Zimmermann et al. 2015).

Several studies have already examined the suitability of diverse molecular markers for
DNA-barcoding of diatoms (e.g. Mann et al. 2010, Trobajo et al. 2010, MacGillivary & Kaczmarska 2011, Hamsher et al. 2011, Zimmermann et al. 2011). My research (paper I, II, and III)
corroborated their results. Specifically, the two most promising markers, partial sequences from
the nuclear encoded large ribosomal subunit and the chloroplast-encoded RUBISCO gene,
were able to identify species from the genus Frustulia. At the same time, the primers that we
used to amplify these regions can be used in other diatom groups across the phylogeny. Similar
to some previous studies (MacGillivary & Kaczmarska 2011, Hamsher et al. 2011, Hamsher
& Saunders 2014), we suggested to use both makers in a dual-locus barcode. This approach
mitigates the risks associated with single-locus species delimitation and draws attention to cases
that need further examination.
We encountered one problematic case: the two most abundant European lineages from
the complex F. crassinervia-saxonica. Previously, Veselá et al. (2012) delimited lineages based
on the marker D1-D2 LSU and showed that they differ in terms of ecology and that even
though their morphologies (size and outline) largely overlap, they are significantly different.
However, other molecular markers amplified in paper I did not support the clustering inferred from
D1-D2 LSU. At the moment, we are unable to say whether the lineages are two ecotypes with
an ongoing genetic exchange or young sexually isolated species with diverse ecological preferences, but incompletely sorted genomes.
Young species pose the biggest challenge to molecular-based species delimitation due to
common occurrence of gene-species tree discordances (Degnan & Rosenberg 2009). The sources of conflicts among gene trees are incomplete lineage sorting, hybridization, and polyploidization (Leliaert et al. 2014). All these phenomena were encountered among diatoms (Amato
et al. 2007, D’Alelio et al. 2009, Casteleyn et al. 2009, Koester et al. 2010), but we are yet to
determine how frequent they are. However, the scarce accounts of gene conflicts suggest that the
majority of cryptic diversity documented among diatoms to date is not a result of young speciation. Indeed, phylogenies dated by molecular clocks suggest that divergences between (pseudo)
cryptic species are hundreds of thousands to tens of millions of years old (Casteleyn et al. 2010,
Souffreau et al. 2013b).
Another phenomenon that we encountered and that can potentially complicate molecular
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species delimitation is the presence of asexual lineages. Asexual taxa were documented in many

diatom genera (Sabbe et al. 2004, Trobajo et al. 2006, Poulíčková & Mann 2008), including
the E. bilunaris-flexuosa species complex (Vanormelingen et al. 2008), and transition from heterothallic sexual reproduction to some form of uniparental reproduction seems relatively easy
(Poulíčková et al. 2015). Sexual and asexual reproduction generate different patterns of allele
divergences and tree topologies (Schwander et al. 2011, Tang et al. 2014). The topological difference was apparent in the phylogenetic tree in paper IV where it likely generated conflicting
results of the different algorithms used for species delimitation. Most lineages of the species
complex E. bilunaris-flexuosa formed clusters with small variability preceded by long well-sup-

ported branches; for these taxa, the algorithms showed common agreement. On the other hand,
strains form the lineage that exhibited apomictic behavior (Vanormelingen et al. 2008) were
more genetically divergent, the cluster received lower statistical support, and the algorithms
disagreed about its delimitation (paper IV).

Ecology

Only if we delimit and identify species correctly, can we understand their relationship to
environmental, biotic, and historical factors. Previously, erroneous species delimitation made
scientists believe that many diatom species have cosmopolitan geographical distributions and
wide ecological niches. Once they identified species correctly, narrow specialized niches and
restricted geographical distributions of many species emerged.
In ecological studies, identification mostly relies on the human naked eye and light microscopy. We showed that the human capacity to resolve species within the genus Frustulia
is limited. Even species that can be told apart using quantitative taxonomic methods and/or
morphometrics are effectively cryptic from the human point of view (Kelly et al. 2002, paper
III). Therefore, to examine the distribution of Frustulia species in northern Europe, we used
automatic computer-based species identification, which is an objective alternative to human
identification (Du Buf & Bayer 2002). First, we isolated random cells from the genus Frustulia
and revised species using two molecular markers. Next, the morphology of strains was used to
train the automatic classifier, which then identified frustules in naphrax-mounted populations
from localities across northern Europe (paper III).
The collected data revealed relationship between the abundance, niche widths, and geographical distribution of Frustulia species. Most species had a low abundance, narrow pH niches,
and a limited geographical distribution. These species were encountered only in Northern Europe, but not in our previous extensive sampling from Central and Western Europe (Veselá et
al. 2012) or New Zealand (paper I). On the other hand, one of the lineages from the complex F.
crassinervia-saxonica dominated all sampled localities, irrespective of their pH. This lineage was
one of the two most common lineages in Europe (Veselá et al. 2012) and it was also found on
the New Zealand (paper I), in Northern America, and central Russia (unpublished data). More-

114

Summary and conclusions

over, the lineage frequently occurs on ephemeral habitats. Tolerance of diatoms to desiccation

and freezing is habitat-dependent (Souffreau et al. 2010, 2013a); the physiological characteristics that enable this lineage to survive in habitats that are prone to drying out might thus also
convey an advantage during dispersal. We cannot exclude the role of humans in the dispersal of
this species (e.g. Harper 1994, Flöder & Kilroy 2009, Kaštovský et al. 2010), but even then, the
high abundance and higher tolerance to desiccation would likely promote such dispersal.
Species occurrence in nature is a result of environmental filtering, biological interactions,
and dispersal (Pulliam 2000, Soberón & Nakamura 2009). Observational studies, like the one
reported in paper III, thus reveal only relationships but do not imply causalities. If we are to say
if and how a specific environmental factor shapes species distribution, we need to single it out in
a laboratory experiment by controlling other physical and chemical variables (Cox 1993). In paper IV, we performed such an experiment to characterize the growth response to pH of 15 species from the complex E. bilunaris-flexuosa, and we then assessed how pH-dependent growth
affects species distribution in nature. We showed that pH preferences differ among species. This
is in accordance with previous studies examining the relationship of (pseudo)cryptic diatom
species with salinity (Vanelslander et al. 2009, Rovira et al. 2015), temperature (Kaeriyama et al.
2011, Souffreau et al. 2013b), nutrient status (Poulíčková et al. 2008, Kelly et al. 2015), or light
(Kaeriyama et al. 2011). Recognizing (pseudo)cryptic diatom species is not just a taxonomic
nicety, but will also help us to improve environmental reconstructions and better understand
diatom biology: the role of physical and chemical characteristics of the environment in species
distribution, competition outcomes, and speciation. Moreover, we showed that measured pH
responses have a bearing on species distribution. However, because we had to delimit our species anew using molecular data, the only available information about realized niches was the
pH of source localities of our strains. In the future, next-generation sequencing approaches can
be used to identify our species in environmental samples, characterize their realized niches, and
examine the relationship between realized and fundamental niches in detail. Such approach will
improve mechanistic understanding of the processes that shape diatom species distribution. It
will help us to predict the effects of environmental changes more accurately and make relevant
conservational decisions.

Conclusion

To conclude, my research agrees with the ample evidence showing that morphology alone
is not a safe indicator of diatom species boundaries, and that closely related and morphologically
similar species can differ in terms of their distribution and ecology. Diatom taxonomy needs
to be thoroughly revisited, and molecular methods will undoubtedly play a central role in this
pursuit. These methods are widely available and affordable, and their power is rapidly improving. Nowadays, it is possible to amplify DNA from single diatom cells or fixed samples (Lang
& Kaczmarska 2011, Hamilton et al. 2015). Moreover, unlike other species characteristics (e.g.
morphology, ecology, and physiology), we have better understanding of the processes that gen-

Summary and conclusions

115

erate genetic diversity and therefore, we are able to account for and quantify our uncertainty
(Leliaert et al. 2014). In spite of this, molecular methods are only slowly being incorporated into
the work of alpha-taxonomist studying diatoms. This reluctance hinders our understanding of
diatom ecology, biogeography, and processes that produced the extraordinary diversity that is
present in this group.
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