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1. General introduction 
 

1.1. The problematic ‘species’ 
 
The basic task of the scientific discipline of systematics is to classify organisms. 

Whereas classification of objects in general is one of the most common mental exercises 
occurring in all fields of life and science, classification of living organisms in modern biology 
is in a number of ways special. Classification in its widest sense is simply based on 
similarities of objects, as was the case with the classification of organisms before the 19th 
century. However, the recognition of the role of evolutionary history in leading to observed 
patterns of similarities and dissimilarities among organisms has caused the field of biological 
systematics to become into close contact with evolutionary studies. 

The main practical importance of systematics lies in the fact that the classifications 
produced by it can be used as predictive tools (Alverson & Theriot 2005): organisms close to 
each other in a classification are expected to be more similar to each other than ones grouped 
into different groups at any level. Because recent features of organisms reflect their 
evolutionary history, producing classifications useful as such predictive tools needs 
consideration of the evolution of the organisms concerned. 

The systematic category ‘species’ was particularly strongly affected by these 
conceptual changes. Whereas it continued to be used to refer to taxonomic units, it gained 
several new aspects as well. Species have become entities dynamically arising through 
complex evolutionary processes, generally kept together by gene flow and separated from 
each other by reproductive barriers. The increasing understanding of microevolutionary 
processes and the range of different perspectives applied in research of ‘species’ has lead to 
the ‘species problem’ becoming one of the most debated topics in biology. 

The fact that ‘species’ has not lost its central role as the ‘unit of biodiversity’ in spite 
of this conceptual chaos illustrates its practical importance for a wide range of biological 
disciplines that continue to use species names as labels for organisms. Recently, the species 
debate has started to consolidate and it is being noted repeatedly that the different species 
concepts recommended by different authors often do not have very different practical 
implications for species delimitation / identification, but rather they have raised a number of 
(in part complementary) issues that can improve species level systematics (Avise & 
Wollenberg 1997; Harrison 1998; Mann 1999). 

Besides the conceptual difficulties associated with ‘species’, our way of thinking about 
them has also been heavily affected by technological developments, which allow us to sample 
the organismal phenotype more widely or in more detail than before. However, perhaps the 
most important group of technological developments for this field has been that of molecular 
genetic methods, now allowing for direct sampling of genetic variation present in nature.  

The above conceptual and technological developments have impacted upon species 
level systematics of microscopic organisms. The view is gaining increasing acceptance that 
species delimitation in these organisms is often a non-trivial scientific task, which needs to 
consider as many independent (pheno- and genotypic) lines of evidence as possible and 
should not ignore microevolutionary processes involved in shaping these patterns of variation 
(Mann 1999). Data accumulating from different sources – investigations of reproductive 
compatibilities (Mann 1984; Mann 1989), comparative DNA sequencing studies (De Vargas 
et al. 1999; Lundholm et al. 2003; Sáez et al. 2003; Sarno et al. 2005), population genetic 
surveys (Rynearson & Armbrust 2004) – are making clear that morphospecies often do not 
correspond to species in a microevolutionary sense in these organisms. Instead, 
morphospecies of microorganisms are often either complexes of multiple, reproductively 
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isolated species, cryptic or sibling species (De Vargas et al. 2004), or of clonal lineages 
(Tibayrenc & Ayala 2002). 

 

1.2. Species concepts 
 
Even though it is impossible to review the topic in full depth, an outline of the some of 

the most important species concepts is given here, more with the aim of introducing different 
aspects of the species problem than to arrive at THE species concept to be used. As noted 
above, the different species concepts represent different perspectives of different research 
fields (notably, systematics and population genetics); some focus on mechanisms of 
speciation whereas others on patterns observed; and importantly, they often only focus on 
organisms within a limited phylogenetic group, often metazoans or plants. Because of these 
reasons, probably none of the different species concepts has a completely general validity; in 
part, they raise complementary issues, different subsets of which might be relevant to a 
particular case (Harrison 1998). 

The morphological species concept (MSC) is the oldest and still probably most widely 
used species concept; it seems to be so basic that several reviews of species concepts do not 
even mention it. The concept is based on the notion that morphological variation observed in 
nature is not continuous. According to this concept, species are morphologically distinct 
groups of organisms. The phylogenetic species concept, PSC (Cracraft 1989; Nixon & 
Wheeler 1990), is a more general concept: it emphasises that species are diagnosably distinct 
from each other, but does not specify what kinds of characters to use for diagnosis. Although 
the MSC and the PSC in their original form do not make any reference to evolutionary or 
ecological processes, they are recently also often used in somewhat different ways. For 
example in diatom taxonomy, morphological distinctness of sympatric (geographically not 
isolated) populations has often been interpreted as suggestive of reproductive isolation 
between the morphs (Theriot & Stoermer 1984a; Lange-Bertalot 1990).  

The latter aspect, the notion of reproductive isolation, in fact originates from the 
second most prominent species concept, the biological species concept, BSC (Mayr 1963; 
Dobzhansky 1970), and plays a central role in a number of other species concepts as well 
(Paterson 1985; Templeton 1989). The BSC is one of the results of the evolutionary genetic 
synthesis around the middle of the last century. It emphasises the importance of reproductive 
isolation mechanisms in keeping species distinct. The basic notion that sexual reproduction is 
the way of sharing genetic information lead to the insight that the acquisition of some 
reproductive barrier is necessary to prevent genetic homogenisation of incipient species. One 
of the main practical impacts of the BSC has been the application of mating compatibility 
experiments in diatom systematics (Mann 1984; Mann 1989), but its impact upon our general 
understanding of species was more general (Lange-Bertalot 1990). 

Another, closely related – complementary – aspect of sexual reproduction is 
emphasised by the cohesion species concept, CSC (Templeton 1989). The CSC focuses 
attention on the factors leading to a homogenisation of genetic variation within a species, 
which make a species an evolutionary unit - the latter aspect is in the main focus of the 
evolutionary species concept (Wiley 1978). Sexual reproduction is one of the most general 
cohesion mechanisms. However, in prokaryotes for instance, an equally important mechanism 
leading to cohesion within species is the recurrent occurrence of selective sweeps, which 
might enforce cohesion even in the lack of sexual reproduction (Majewski & Cohan 1999; 
Cohan 2002). Another important aspect emphasised by the CSC is demographic 
exchangeability. Organisms that are demographically exchangeable are ecologically 
equivalent. This aspect gains importance in some special cases, like with sympatric asexual 
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lineages: these are considered conspecific by the CSC if they are demographically 
exchangeable (Harrison 1998). 

Alternative mechanisms of cohesion within species and of species divergence besides 
sexual reproduction and reproductive isolation are recently gaining increased attention. It is 
becoming clear that sexual reproductive barriers in nature are often not simply ‘present’ or 
‘absent’, but something in between (Streit et al. 1994; Muir et al. 2000; Daguin et al. 2001; 
Ortiz-Barrientos et al. 2002; Schardl & Craven 2003; Miller & Van Oppen 2003; Wu & Ting 
2004): hybridisation might occur between clearly distinct species (Muir et al. 2000) and 
conspecific parapatric populations might diverge in spite of gene flow between them (Wilding 
et al. 2001). Selection is a key player in such scenarios: divergent selection can play an 
important role in leading to the divergence of reproductively not completely isolated groups 
of organisms (Wu 2001; Wu & Ting 2004), whereas, as noted above, the role of selective 
sweeps in the cohesion of even asexual lineages also gains recognition (Cohan 2002). 

Concepts like the genealogical species concept (GSC) complement the views of the 
MSC or PSC by making reference to genealogical relationships of organisms (Baum & Shaw 
1995). According to the GSC, a species is an exclusive group; its members are more closely 
related to each other than to any other organism. The origin of this concept is related to the 
spreading use of molecular methods and of genealogical trees in species studies. Similar is the 
case with the genotypic species cluster definition: this directs attention to the deficit of 
intermediates between species in a genetic sense (Mallet 1995). Deficit of intermediates is 
interpreted at single loci as a deficit of heterozygotes and as “strong correlations or 
disequilibria between loci that are divergent between clusters” at multiple loci, concepts this 
thesis makes use of.  

The use of different species concepts often does not result in any difference in the 
practice of species delimitation. As noted, there are in part strong complementarities between 
different species concepts. E.g., the acquisition of a reproductive isolating mechanism 
between populations leads to a deficit of intermediates in the population genetic sense 
(heterozygote deficit and linkage disequilibrium). It also results in the divergence of the 
populations both in divergent adaptive and neutral traits, thus making them diagnosably 
distinct both at the genetic and phenotypic level. After some generations, members of one 
population will be closer relatives of each other than of any member of the other population 
etc. Such scenarios, synthesising different aspects, have become the basic framework of 
thinking about species. However, there are several factors making some real life situations 
more complicated. 

One of them is the case of asexual organisms. Clearly, the above scenario would not 
apply to them. Species concepts based exclusively on the importance of sexual reproduction, 
like the BSC, also cannot be applied in such cases. Concepts making no reference to 
evolutionary processes, like the MSC or the PSC, can deal with these cases as well: any group 
diagnosably distinct from other groups can be a species, whatever the evolutionary 
background of this distinctness. When also concerning evolutionary processes, the CSC is of 
great relevance in the case of clonal organisms, because it emphasises that other cohesion 
mechanisms besides sexuality might be in operation in such cases, and because of its 
reference to the demographic exchangeability of lineages when defining species.  

Other important problematic cases are those of hybridising species, occurring among 
land plants, animals, and also algae and microorganisms (Streit et al. 1994; Barton 2001; 
Coyer et al. 2002; Schardl & Craven 2003; Miller & Van Oppen 2003; Arnold 2004; Riginos 
& Cunningham 2005), and of intraspecific adaptive divergence (Muir et al. 2000; Schlötterer 
2002; Schlötterer 2003). It is becoming clear that reproductive isolation is not all or nothing, 
at least in two senses. On the one hand, simply the frequency of mating between populations 
might be anything between 0 and 1, sometimes leading to divergence simply because of the 
low number of individuals exchanged by populations, in spite of their complete reproductive 
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compatibility (Fraser & Bernatchez 2001). On the other hand, gene flow between populations 
might be limited to specific regions of the genome. Two extremes are when a small number of 
advantageous genes ‘jump’ through species boundaries (Morjan & Rieseberg 2004), and 
when gene flow between parapatric populations is limited only at a small number of 
adaptively diverged loci (Beaumont & Balding 2004; Storz 2005). A third kind of problem 
might arise through polymorphisms retained from ancestral species, the coexistence of which 
can even be stabilized by balancing selection. An example for this is the famous case of MHC 
genes: several MHC alleles found in humans are more closely related to chimp alleles than to 
other human alleles (Harrison 1998). 

Summarizing, species delimitation might be straightforward, there are cases where the 
use of most species concepts would lead to the same result, but more difficult cases also exist. 
Generally, studies of species delimitation should consider as many factors as possible, not 
only to arrive at a sensible taxonomic decision about species limits, but also to better 
understand the nature of the species concerned: their diagnostic features, the permeability of 
boundaries between them, and the factors leading to cohesion within and divergence between 
them.  
 

 

1.3. Microdiversity markers 
 
The potential range of information sources useful for species delimitation is wide.  

Clearly, organisms are much too complex to allow systematics to deal with all their features. 
The concept of ‘markers’ is connected to this difficulty: microdiversity studies only use a 
limited subset of the features of organisms but try to gain knowledge by their use that is valid 
about the organisms concerned. Different kinds of markers have different (practical and 
theoretical) strengths and weaknesses; below the types of markers most relevant for this thesis 
are reviewed shortly. A general consensus in any case is that independent sources of evidence 
should ideally be used in species delimitation studies, and congruence between multiple, 
independent data sets is the strongest argument supporting conclusions about species 
boundaries in the case of sexual organisms (Mann 1999). 

 

1.3.1. Phenotypic markers 
 
Morphology is the most generally used form of phenotypic markers for systematic 

purposes, but others exist as well. Another widely used example is the array of biochemical 
tests routinely used in microbiology for strain identification and species delimitation. 
Basically, anything observed on organisms is potentially useful for trying to identify distinct 
groups and diagnostic features, provided the extent is known to which the features concerned 
are representative of the organism as a whole. If variation in a phenotypic trait is caused by 
underlying genetic variation, it is representative of the organisms in a different way than traits 
varying through the life cycle or ones involved in physiological adaptation for instance 
(Trainor & Egan 1991; Trainor 1991). One of the largest difficulties associated with the use of 
phenotypic markers lies in the fact that this information (i.e., whether a trait is fixed 
throughout the life cycle or is it capable of plastic changes in response to environmental 
changes) is often not readily available. 
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1.3.1.1. Morphology 
 
Diatom systematics is principally based upon morphological features of the silicate 

cell walls (frustules). The major reasons for this are the following: the frustules are easily 
prepared; they show an unparalleled morphological diversity in the microbial world, 
providing systematics with a large number of characters; and they are often well preserved in 
sediments, making diatoms well suited for palaeo-limnological studies as well besides 
investigations of extant assemblages (Stoermer and Smol 1999). One of the major 
technological advances in diatom systematics was electron microscopy in the second half of 
the last century, which revealed even more minute morphological detail useful for their 
identification and systematics (Round, Crawford, and Mann 1990). In spite of these practical 
advantages, species level diatom systematics is still far from being unproblematic (Mann 
1999; Sarno et al. 2005). The most widely observed problem is the lack of obvious 
morphological discontinuities, which gives place for subjective interpretations of minor 
morphological variation and to debates about species boundaries (Mann 1999). However, 
more fundamental problems with exclusively morphology-based systematics are also gaining 
increasing attention. These will be reviewed below, after reviewing methods for quantitative 
morphological investigations.  

 

1.3.1.2. Quantitative morphology 
 
Diatom systematics based exclusively upon morphology of cleaned frustules tries to 

identify gaps (discontinuities) in morphological variation (Lange-Bertalot 1990; Mann 1999). 
Although morphological discontinuity is considered important and its presence / absence is 
often not obvious, the use of quantitative approaches in diatom systematics is relatively rare. 
This is true in spite of the fact that advances made in the field of quantitative studies of 
morphology achieved in the last decades have been enormous (Rohlf & Marcus 1993), and 
that diatoms possess a large number of morphological features useful for quantitative 
characterization (du Buf and Bayer 2002). 

Several different morphometric methodologies are available now, the major 
differences among them being in the methods of modelling the morphologies for multivariate 
analyses (Reyment, Blackith, and Campbell 1984; Bookstein, Chernoff, Elder, Humphries, 
Smith, and Strauss 1985; Dryden and Mardia 1998). Some of the methods also allow the 
application of special data analysis methods, but the basic difference among them is in the 
nature of models applied. The oldest group of methods (now often called conventional or 
multivariate morphometrics) uses a diverse collection of measurements (lengths, distances, 
angles) and counts to characterize morphologies and uses multivariate data exploratory (e.g., 
principal component analysis – PCA, canonical variate analysis – CVA) and statistical 
methods (discriminant analysis – DA, multivariate analysis of variance – MANOVA) for their 
analysis. Such methods have in several cases been used with diatoms, both to clarify 
morphospecies boundaries (Theriot & Stoermer 1984b), and to investigate intraspecific 
morphological variation (Theriot 1987; Teubner 1995; Droop 1995; Hausmann & Lotter 
2001).  

Another group of morphometric methodologies, called geometric morphometrics, 
places more emphasis upon a more complete use of two- or three dimensional geometric 
information and on models permitting visual representations of morphologies (Rohlf & 
Marcus 1993). One group of geometric morphometric methods describes outline shape using 
Legendre polynomials or Fourier analysis, and has been used in quantitative studies of outline 
shape in pennate diatoms (Stoermer & Ladewski 1982; Stoermer et al. 1986; Mou & Stoermer 
1992; Pappas et al. 2001; Rhode et al. 2001; du Buf and Bayer 2002). Other geometric 
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morphometric approaches model morphologies by recording the coordinates of landmarks 
(points assumed to be homologous) on specimens. Landmark-based morphometrics has been 
one of the most dynamically developing field of morphometrics (Bookstein 1991; Dryden and 
Mardia 1998); still, such methods have not yet been used for diatoms.  

The largest endeavours concerned with diatom quantitative morphology have been two 
recent research projects, ADIAC (Automatic Diatom Identification and Classification, 1998-
2001) aimed at exploring the possibilities of automatic morphology-based diatom 
identification and DIADIST (Diatom and Desmid Identification by Shape and Texture, 2001-
2004), which strived for the more general aim of visual indexing of images (including 
drawings) of biological specimens. These projects have combined several methodologies for 
an effective quantitative characterisation of diatom morphologies; the use of their ‘products’ 
in research concerning species delimitation, are, however, yet to be explored.  

 

1.3.1.3. Advantages / disadvantages of phenotypic markers 
 
The major advantage of some phenotypic markers, especially morphology, is their 

general and easy availability. Some phenotypic markers are also fossilized easily; in the case 
of diatoms, frustule morphology is preserved well even on geological time scales and can be 
used to trace past evolutionary and ecological events (Stoermer and Smol 1999). Another 
example of fossilized phenotypic markers from diatoms are highly branched isoprenoid 
alkenes and possibly other chemical compounds (Damste et al. 2004). However, there are 
several difficulties associated with the (exclusive) use of phenotypic markers for delimiting 
species. The first important issue is their representativeness of the organism as a whole, as 
mentioned above. In the case of diatoms, morphological information as it is generally 
available is in the form of morphology of acid-cleaned frustules from natural samples. The 
assumption that morphologies considered characteristic of distinct species really are such, and 
not differences induced by changes in the environment for instance, has rarely been tested 
experimentally. The construction of the diatom frustules from two valves, generally formed at 
different times and thus often among different environmental conditions, gives a powerful 
possibility for diatomists to reveal phenotypic plasticity even in acid-cleaned natural samples 
(Mann 1999). The few experimental studies were also reviewed by Mann (1999); he 
concludes that although phenotypic plasticity does occur in diatoms, taxonomists in general 
can continue relying on studies of cleaned frustules. Although in great generality this seems to 
be true, phenotypic plasticity can lead to problems with species delimitation in some cases, 
and it is particularly problematic in the group dealt with in this thesis, as will be reviewed 
below.  

Another disadvantage of relying exclusively on morphology for species delimitation is 
that this practice assumes that speciation is always accompanied by morphological divergence 
(Knowlton 2000). Although little is known about speciation mechanisms in microalgae, 
morphology is certainly not the only adaptively relevant feature of their cells. Speciation 
scenarios involving physiological and ecological, but not necessarily morphological 
divergence are quite plausible in these organisms. Therefore, microalgal systematics has to 
consider the possibility that species are often cryptic, i.e., indistinguishable on morphological 
grounds. The number of reports from a wide range of eukaryotic microbial groups lending 
support to this notion is steadily increasing (Scholin et al. 1995; De Vargas et al. 1999; Sáez 
et al. 2003; Sarno et al. 2005). It has recently been suggested that this might indeed represent 
a characteristic of planktonic microorganisms in general and that many morphospecies in such 
organisms are expected in fact to be ‘super-species’, complexes of morphologically highly 
similar biological species (De Vargas et al. 2004). 
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1.3.2. Mating compatibility 
 
Mating compatibility might be considered a special kind of phenotypic marker; 

although in fact it is not a feature of a single organism but one attached to pairs of organisms. 
The BSC, which has become one of the most important of the multitude of species concepts 
proposed in the 20th century, places a strong emphasis on the role of reproductive isolation in 
keeping species distinct by not allowing them to share genetic information. On the other hand, 
the CSC (Templeton 1989) has emphasised another aspect of reproductive patterns: that 
exchange of genetic information through sexual reproduction is one of the most important 
factors responsible for the cohesion within a species. These two notions have had an 
important impact upon the way we understand species now, and they also had a strong 
practical impact upon studying species boundaries in diatoms.  

Observations of reproductive behaviour in connection with microdiversity problems 
have already been made by Geitler (Geitler 1932; Geitler 1975), but became real working 
tools of diatom systematics through Mann’s works (Mann 1984; Mann 1989). He studied 
occurrences of sexual events between individuals of a morphospecies in cultures and in semi-
natural assemblages in a number of morphospecies, and reported observations that cells 
belonging to slightly different morphotypes of a morphospecies did not mate with each other, 
only with ones belonging to the same morphotype. The freshwater diatom Sellaphora pupula 
has become the most intensively studied model in such investigations (Mann 1989; Mann et 
al. 1999; Behnke et al. 2004). It turned out to be composed of several, morphologically 
slightly different, reproductively isolated groups, biological species. These species apparently 
even had different reproductive biologies: whereas some were allogamous, mating has never 
been observed in others; these possibly represent autogamous or completely asexual lineages 
(Mann 1999). Among the allogamous species, some are strictly dioecious, with male and 
female clonal lineages, whereas others are monoecious and capable of intraclonal mating. 
These studies revealed a previously unexpected amount of species diversity and diversity in 
reproductive biology in what was traditionally considered a single diatom morphospecies.  

1.3.2.1. Advantages / disadvantages 
 
Observations of mating compatibilities of sexual organisms is a conceptually special 

case of use of a phenotypic marker in the sense that this approach explicitly addresses 
mechanisms responsible for producing observed variation patterns. Use of this approach has 
contributed significantly to our recent understanding of species diversity of diatoms; still, it 
has some disadvantages that do not allow their universal application in diatom systematics. 
One of them is practical: a prerequisite for such observations is that mating between cells 
identified at an intra-morphospecific level can be observed. This means that they are not 
feasible with e.g. oogamous organisms, like centric diatoms, where small flagellated sperm 
cells are released from the male gametangia, nor in cases where the morphotypes concerned 
cannot be differentiated alive, only by e.g., striation pattern or ultrastructural features, visible 
only after frustule preparation. A more theoretical concern is that observations are made in the 
laboratory, and potential effects of environmental conditions upon reproductive behaviour 
cannot be ruled out. Further complicating factors are the existence of clearly differentiated 
species, which nevertheless hybridise (a common situation for example in land plants, but one 
that also occurs in animals or macroalgae, as noted above), and the problem of allopatric 
comparisons, where the possibility has to be considered that taxa that never or only rarely 
mate in nature might still be able to hybridise when put together in the laboratory. However, it 
should also be noted that the approach outlined above is in fact an approach combining two 
kinds of evidence: minor morphological differences and observations of reproductive 
compatibility. If morphologically distinct groups are found, between which no mating can be 
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observed, whereas it is observed within these groups several times in the same conditions, the 
evidence supporting the idea that the minor morphological differences between the groups are 
connected to their reproductive isolation is rather strong, making this approach a powerful one 
in the cases where it is feasible. 

. 

1.3.3. Genetic markers 
 
The third group of microdiversity markers sample genetic variation directly. 

Reproductive patterns, demographic events and population subdivision have genome-wide 
effects upon patterns of genetic variation. Therefore, patterns of genetic variation can 
potentially reveal information about these factors in the microevolutionary history of 
organisms. PCR (polymerase chain reaction) technology allows for the selective amplification 
and sequencing of DNA fragments from genomic DNA extracts, providing the technical basis 
for a wide variety of methods for sampling genetic variation. Studies using such approaches 
for microdiversity explorations are also becoming common with eukaryotic microorganisms. 
The basic conceptual advantages of sampling genetic variation directly is that no concerns of 
plasticity or life cycle related changes affect interpretation, and that inferences can be made 
not only about patterns of variation, but also about microevolutionary processes playing a role 
in shaping them.  

Most large taxonomic groups have their classical, most widely used molecular 
markers. In metazoans, different portions of the mitochondrial genome have become standard 
markers (Kessler & Avise 1985; Avise & Walker 1999; Wiens & Penkrot 2002); in land 
plants, parts of the plastid genome, particularly some hypervariable tRNA spacer regions 
(Taberlet et al. 1991). The common advantages of these genomic regions were their 
variability, providing information even on the intraspecific level, and their uniparental 
inheritance, which allowed data analyses not to deal with complications arising from the 
reticulate evolution of nuclear genes (Avise & Walker 1999). In the meanwhile, data analysis 
methods capable of dealing with reticulate evolution have been developed (Rosenberg & 
Nordborg 2002), and limitations of sampling only one small portion of the genomes have 
been recognized (Hey 1997; Anderson & Kohn 1998; Nordborg & Innan 2002; Rosenberg & 
Nordborg 2002; Zhang & Hewitt 2003), thus, there is a general trend towards applying 
multiple nuclear markers besides the classical organellar ones (Zhang & Hewitt 2003).  

The most widely used molecular markers perhaps overall, but in any case in 
microorganisms, are different regions of the ribosomal operon (Coleman 2003; Alvarez & 
Wendel 2003). The main reasons for this are the following: rRNA molecules are among the 
few that universally occur, from prokaryotes to multicellular organisms, without a change in 
their function, making them appropriate for phylogenetic studies on any taxonomic level 
without problems concerning their homology, and it is not known to be involved in lateral 
gene transfer (Ludwig & Klenk 2001). The wide range in the amount of variability present in 
different regions provides the possibility to sample regions with the appropriate resolution 
from studies of deep phylogeny to microdiversity surveys. In the latter context, their main 
practical advantage is that PCR primer pairs for their amplification from any organism are 
available (Medlin et al. 1988; White et al. 1990; Scholin et al. 1994). In microdiversity 
studies, the most variable regions of the rDNA operon are used. Especially the ITS (internal 
transcribed spacer) regions are in widespread use (Van Hannen et al. 2000; Coyer et al. 2001; 
LaJeunesse 2001; Alvarez & Wendel 2003; Orsini et al. 2004), but in microalgae, the 
hypervariable D1 and D2 regions of the 28S rDNA are also often applied (John et al. 2003; 
Lundholm et al. 2003; Sarno et al. 2005). 

Regions encoding nuclear ribosomal RNAs appear in numerous (up to thousands of) 
copies in eukaryotic genomes, and this fact has several implications for their use as molecular 
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markers. Contrary to the simplicity of inheritance mechanisms of organellar genes, not only 
are they affected by the reticulate evolution characteristic of all nuclear genes in sexual 
species, but they are also subject to concerted evolution (Schlötterer et al. 1994; Schlötterer & 
Tautz 1994). Concerted evolution is a characteristic of multigene families. Members of such 
families are subject to intragenomic homogenisation, a phenomenon appearing through 
unequal crossing over and gene conversion (Li 1997), keeping members of gene families 
similar within genomes and within populations. Although this has sometimes been advocated 
as a major advantage of rDNA as a molecular marker, several lines of evidence indicate that it 
might become problematic in some cases (Alvarez & Wendel 2003). The most important such 
problems for microdiversity studies are those associated with the presence of non-functional 
copies (pseudogenes) of rDNA genes in the genome and problems associated with 
hybridisation events. 

In spite of concerted evolution, intragenomic variation in the most variable parts (like 
ITS regions) of the rDNA operon is common. Several reasons can lead to such intragenomic 
variation. In the simplest case, homogenisation is not fast enough to keep pace with mutation 
accumulating in variable regions. However, more problematic cases are also known to occur. 
Pseudogenes are non-functional copies of genes in the genome; rDNA pseudogenes are 
known to appear even more often than pseudogenes of other classes of coding sequences, 
because of the lability of the genomic location of rDNA arrays (Alvarez & Wendel 2003). 
Such non-functional gene copies are freed from the selective constraints acting upon their 
functional counterparts, leading to their divergence. As long as the flanking sequences 
targeted by amplification primers have not diverged sufficiently, however, they are amplified 
together with the functional copies and are being sampled. Another possibility resulting in the 
presence of divergent rDNA arrays in single genomes is interspecific hybridisation (Muir et 
al. 2001). Ribosomal DNA has an additive inheritance, making it a powerful tool to detect 
recent hybridisation events (Sang et al. 1995; Quijada et al. 1997). However, the evolutionary 
fate of divergent ribosomal DNA arrays after such events might be different. The different 
rDNA types might coexist in the genomes for some time, or one or the other might disappear. 
If different sets disappear from different, closely related lineages, then rDNA phylogenies will 
not reflect species phylogenies, as has been shown in the case of cotton (Wendel et al. 1995a; 
Wendel et al. 1995b). Whereas these problems might lead to false inferences in phylogenetic 
studies, they are not expected to impact studies of species boundaries so seriously. Such 
studies must, however, also consider the possibility that intragenomic homogenisation of 
rDNA arrays is not necessarily complete: if it were, species could be detected based simply on 
the presence of differences in rDNA sequences.  

A further advantage of molecular methods is that they enable one to sample several 
independent sets of characters for species delimitation purposes. As noted above, combining 
independent sources of evidence is critical for this; sampling regions from different genomes 
(nuclear and organellar) is an increasingly used strategy to avoid relying on a single genetic 
marker in studies of species limits (Zhang & Hewitt 2003). 

 
 

1.4. The problem of clonality 
 
An important problem when dealing with species delimitation in microorganisms is 

the possibility of strict clonality or autogamy. Most microorganisms have life cycles basically 
consisting of clonal reproduction with relatively rare sexual events; diatoms are among the 
examples for this basic plan (Drebes 1977; Mann 1993; Chepurnov et al. 2004). However, 
variation in reproductive biology has been observed even among closely related species, like 
in the Sellaphora pupula species concept mentioned above. Furthermore, several protozoan 
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species, even some of those previously known as obligate sexual species, have turned out to 
show ‘effective clonality’ (Tibayrenc & Ayala 1987; Tibayrenc & Ayala 1991; Urdaneta et al. 
2001; Bart et al. 2001; Tibayrenc & Ayala 2002; Telleria et al. 2004). This means that 
although these protists are capable of sexual reproduction, genetic exchange among clonal 
lineages is absent or so rare that it has no strong effects upon patterns of genetic variation. It is 
also generally assumed that some diatom species have abandoned sexuality (Drebes 1977); 
however, this conclusion is only based on the failure to observe mating in these species 
(Mann 1993; Chepurnov et al. 2004). 

Clonality has, in part, similar effects upon patterns of genetic variation as population 
structure (reproductive isolation): it leads to a deficit of heterozygotes and to linkage (i.e., 
congruent variation patterns) among physically unlinked loci (Tibayrenc & Ayala 2002). 
Tibayrenc´s (1995) distinction of non-structured (‘real’ sexual) and structured species 
(complexes of cryptic biological species or of clonal lineages) is based on this observation. It 
is, however, also important to distinguish clonality from cryptic speciation when studying 
species boundaries, especially because species concepts making reference to reproductive 
compatibility (like the BSC) cannot be applied in cases where sex is absent. Furthermore, 
patterns of intraspecific (both genetic and phenotypic) variation expected from a complex of 
clonal lineages (agamic complex) are also different from those expected from a complex of 
cryptic sexual species. Most importantly, whereas in the case of clonal complexes a general 
correlation among unrelated features is expected at any level, this is the case only above the 
biological species level in the case of cryptic species: sex is expected to break down within-
biological-species correlations in the latter case. 

Studies of variation patterns within species complexes, where the possibility of 
clonality cannot be excluded, can make particularly effective use of genetic markers. If the 
possibility of panmixia (random mating) is rejected based on patterns of genetic variation 
(heterozygote deficiency, linkage), further tests can be designed to distinguish which of the 
possible explanations (clonality vs. cryptic species) applies in the particular case. These 
further tests can simply test the hypothesis of panmixia within the apparent genetic units 
revealed, using the same criteria as applied on the level of the whole ‘species’ or species 
complex. If significant linkage disequilibrium and heterozygote deficiency is found within 
these groups as well, clonality is the preferred explanation. However, if evidence for gene 
flow (sexuality) among lineages within these groups is found, cryptic speciation is the more 
plausible hypothesis. An important requirement of this approach is that the molecular markers 
used have sufficient resolution (i.e., amount of variation) even within the subgroups 
identified. 

Several approaches to test the hypothesis of panmixia have been used in the literature 
(Tibayrenc & Ayala 2002). They can be classified as single-locus vs. multilocus tests. The 
former are based on the idea that deviations from panmixia result in a deficit of heterozygotes; 
they include quantitative tests of deviations from Hardy-Weinberg equilibrium or qualitative 
tests based on identifying lack of segregation genotypes. Multilocus tests also have several 
forms, including qualitative tests based on the lack of recombinant genotypes or congruent 
variation at independent loci as well as statistical tests of linkage disequilibrium or of 
correlation between independent sets of markers. Most classical quantitative tests are 
applicable with codominant markers only. However, methods are also available that can be 
used with dominant markers, where heterozygotes cannot be distinguished from dominant 
homozygotes, like in several PCR-based multilocus fingerprinting methods including RAPDs 
– random amplified polymorphic DNA – or AFLPs – amplified fragment length 
polymorphism. Mes (1998) proposed an approach based on phylogenetic incompatibility 
among loci to test the hypothesis of panmixia using such data. 
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1.5. A problematic species: Cyclotella meneghiniana Kütz., and 
its relatives 

 
C. meneghiniana is one of the most commonly reported freshwater diatom species. It 

occurs worldwide in a wide range of habitat types from inland lakes and reservoirs (Squires & 
Rushforth 1986; Makarewicz 1987; Zalocar de Domitrovic 1992; Seeligmann & Tracanna 
1994; Romo & Miracle 1994), wetlands (Rojo et al. 2000; Tapia et al. 2003), streams and 
rivers (Sabater & Sabater 1988; Moss & Balls 1989; Sabater 1990; Gosselain et al. 1994; Ha 
et al. 2002) to estuaries (De Seve 1993; Rijstenbil et al. 1993; Muylaert & Sabbe 1999; Shin 
& Cho 1999; Lapointe 2000) and marine environments with decreased salinities, like the 
Baltic Sea (Korhola & Blom 1996; Bak et al. 2001). It is one of the most commonly occurring 
diatom species in lakes in general (Alvarez Cobelas & Rojo 1994), and it was featured as the 
single most often reported diatom species in a recent literature survey (Finlay et al. 2002). It 
is generally considered a pollution tolerant species (Giorgio et al. 1991) and one that is 
characteristic of waters with elevated salinity and / or pH (Van Dam 1979), including alkaline 
lakes (Hecky & Kilham 1973). 

Besides its commonality, its ease of culturing also made C. meneghiniana one of the 
most often used freshwater diatom species in laboratory experiments. It has been used in 
studies of life cycles (Iyengar & Subrahmanyan 1944; Schultz & Trainor 1968; Rao 1970; 
Rao 1971), physiology (Tilman & Kilham 1976b; Azariah et al. 1978; Kopczynska 1979; Rao 
et al. 1983; Millie 1984; Tuchman et al. 1984; Millie 1986; Lewandowska & Kosakowska 
2004), experimental ecology (Tilman & Kilham 1976a; Azariah et al. 1978; Kopczynska 
1979; Rao et al. 1983; Millie 1984; Tuchman et al. 1984; Millie 1986; Lewandowska & 
Kosakowska 2004), cell biology (Hoops & Floyd 1979), toxicology (Millie & Mark Hersh 
1987; Millie & Mark Hersh 1987; Sicko-Goad et al. 1989a; Sicko-Goad et al. 1989b; Sicko-
Goad et al. 1989c; Sicko-Goad et al. 1989d; Lazinsky & Sicko-Goad 1990a; Lazinsky & 
Sicko-Goad 1990b), biochemistry (Millie 1984; Millie 1986; Lohr & Wilhelm 2001), 
molecular diversity (Bourne 1992; Zechman et al. 1994), and molecular biology (Büchel 
2003) as often as few other freshwater diatom species. In spite of (or in part, because of) this 
extensive study, it is still a taxonomically problematic species.  

First, C. meneghiniana is an example of diatoms with large morphological variation 
which lacks obvious discontinuities. Several publications have discussed this phenomenon; 
the most detailed example is Schoeman and Archibald (1980), who illustrated the 
morphological variability of this species in 156 photomicrographs in their Diatom Flora. In 
spite of intensive discussion, it is still unclear whether this morphological variability is 
explained by the presence of multiple species that are morphologically difficult to 
differentiate within C. meneghiniana, by plastic responses to environmental conditions, or do 
they represent simply neutral morphological variability (Hakansson 1998). Furthermore, the 
separation from C. meneghiniana of a number of validly described species have been 
questioned based on the notion that the large morphological variability found in natural 
samples in fact spans supposed species boundaries. The most relevant examples for this thesis 
are C. scaldensis (Muylaert & Sabbe 1996; Kiss & Ector 2000) and the particularly 
complicated case of C. cryptica, described below in detail. 

Although, as discussed above, the phenomenon of morphological plasticity is not 
believed to cause major problems for diatom species delimitation in general, it is known to 
cause problems with C. meneghiniana. One of the well-studied examples of plasticity of 
diatom frustule morphology comes from C. cryptica, a species morphologically resembling C. 
meneghiniana closely. C. cryptica is one of the rare examples of diatom species described 
from a culture (Reimann et al. 1963). Its main frustule morphological difference from C. 
meneghiniana was “the presence of an ill-defined border between the central area and the 
radially striated margin” (Reimann et al. 1963). However, in later life cycle studies of 
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different clones of C. meneghiniana and C. cryptica, it was found that some clones were 
capable of producing both frustule morphologies, typical of C. meneghiniana or of C. 
cryptica, depending on the salinity of the medium (Schultz & Trainor 1970; Schultz 1971). In 
particular, strains identified as C. cryptica produced mostly the cryptica-pattern when grown 
at higher salinities (full-strength seawater, 28.7 ‰ to about 4.3 ‰). However, they produced a 
majority of valves showing the pattern characteristic of C. meneghiniana when grown in 
media with low salinities, and even at higher salinities for some time after auxospore 
production. The proportion of valves showing the two patterns depended on the salinity of the 
medium and time since auxospore formation, and cultures grown at intermediate salinities 
contained mixtures of the two valve types (Schultz 1971). This phenomenon, and later reports 
of observations of C. meneghiniana cultures capable of producing valves showing the C. 
cryptica pattern (Desikachary & Rao 1973; Hoops & Floyd 1979) lead some authors to the 
suggestion that these valve patterns might represent extremes of morphological variation of a 
single species (Desikachary & Rao 1973; Schoeman & Archibald 1980).  

A further study bringing a new aspect into our knowledge of the diversity within C. 
meneghiniana was Boerne’s plastid genome RFLP (restriction fragment length 
polymorphism) study (Bourne et al. 1992; Bourne 1992). After preparing a physical map of 
the C. meneghiniana plastid genome (Bourne et al. 1992), she surveyed restriction fragment 
length variation in a collection of strains of C. meneghiniana and some closely related species 
(C. gamma, C. cryptica). Whereas no variation was detected by this approach in the other 
species, strains of C. meneghiniana showed variation, and multiple, well-supported groups 
were recovered within this morphospecies. Furthermore, phylogenetic analyses placed the C. 
cryptica strains well within the clade containing all C. meneghiniana strains, leaving the latter 
paraphyletic. Bourne suggested alternative interpretations of these results. One was that C. 
meneghiniana should be considered a complex of morphologically highly similar, but 
genetically distinguishable species. Another possibility was that chloroplast DNA variation 
was generally large in diatom species. Concerning the C. cryptica problem, she wrote that the 
results supported the idea that C. cryptica was a variant of C. meneghiniana rather than a 
separate species; we note that this would be the conclusion only in combination with the latter 
explanation (large within-species cpDNA variation).  

There are, however, even further possible interpretations of these data. Two major 
factors influencing the amount of variability in a genomic region are mutation rate and 
effective population size (Hartl and Clark 1997; Nordborg & Innan 2002). Possibly, the 
difference in the amount of genetic variability between the species studied by Bourne (1992) 
was caused by their different effective population sizes – it seems indeed plausible that C. 
meneghiniana has larger effective population size than most other Cyclotella species, based 
on its often dominant worldwide occurrence discussed above. The fact that C. meneghiniana 
was found to be paraphyletic does not necessarily imply either that it is a species complex or 
that C. cryptica is not separate species but a variant of C. meneghiniana: newly formed 
species might be even polyphyletic and genetically indistinguishable at most loci for some 
time after speciation (Hudson & Coyne 2002). Before genetic variation reaches reciprocal 
monophyly, one would first expect a stage where one of the species is monophyletic and the 
other is paraphyletic – again, the species with the smaller effective population size is expected 
to reach monophyly before the other species (Funk & Omland 2003). So an alternative 
explanation of the RFLP variation patterns observed by Bourne (1992) might be that 
insufficient time since the speciation event separating C. meneghiniana and C. cryptica has 
elapsed to reach the reciprocal monophyly of their plastid genomes. Indeed, the fact that all C. 
cryptica strains share a common plastid RFLP genotype, different from those found in any C. 
meneghiniana strain, can be interpreted as a strong indication of the lack of gene flow 
between the two groups, thus would support the idea that C. cryptica is a separate species. In 
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any case, Boerne’s (1992) studies further contributed to the idea that C. meneghiniana was 
problematic, but was not able to solve the problems unequivocally. 

A further uncertainty concerning C. meneghiniana should be noted in the context of its 
microdiversity research. Although, as noted above, the life cycle of this species has been the 
subject of numerous investigations, a question of basic importance has not yet been answered 
by these studies: whether C. meneghiniana is capable of allogamous sexual reproduction. 
Gametogenesis and auxospore production is easily induced in cultures of this species in an 
inducible size range by elevating the salinity of their medium. Production of egg cells and of 
flagellated sperm can be observed after two to three days, followed by swelling of the eggs 
and auxospore production (Iyengar & Subrahmanyan 1944; Schultz & Trainor 1968; Rao 
1971; Rao 1996; Hakansson & Chepurnov 1999). However, in spite of the numerous 
observations made on this experimental system and although self-fertilization has been 
observed (Iyengar & Subrahmanyan 1944), fertilization of the egg cells by sperm has never 
been reported (Schultz & Trainor 1968; Drebes 1977). Although (Hakansson & Chepurnov 
1999) claim that (Rao 1970) observed oogamy, the latter publication in fact also explicitly 
states that “Fertilization has not been observed”. As a consequence, C. meneghiniana was 
mentioned as an example of diatom species that abandoned allogamous reproduction in 
reviews of diatom sexuality (Drebes 1977; Mann 1993). As noted above, the consequences of 
strict clonality or autogamy upon genetic and thus also phenotypic variation are fundamental: 
in the case of clonality or autogamy, lineages evolve independently from each other, without 
any exchange of genetic information. Therefore, correlation among independent traits is 
generally expected in such cases, whereas within a sexual species, correlation between 
phenotypic traits is only expected as a result of close linkage of genes responsible for them or 
if selection acts on a combination of traits. Importantly for studies of species limits, patterns 
of genetic variation in a strictly clonally or autogamously reproducing group of organisms is 
strictly hierarchical, whereas it is reticulate in a sexual species. Thus, the “boundary between 
hierarchical and non-hierarchical variation that underlies the concept of species” (Mann 1999) 
(or the conceptually closely related biological species concept) is not applicable in the case of 
clonal lineages. 

 
 

1.6. Aim of the thesis 
 
The topic of this thesis is investigations of pheno- and genotypic variation at, and 

around, the species limit in one of the classical examples of a ‘problematic diatom species’, 
Cyclotella meneghiniana. The aim was to contribute to resolving uncertainties concerning its 
microdiversity, microevolution and systematics using morphometric and molecular methods. 
Morphometric methods for analysing patterns of valve ultrastructural variation were 
established. Furthermore, sequence variation in different rDNA regions in a single population 
was explored to serve as a reference for interpreting variation patterns from a larger, more 
diverse collection of strains. Genetic variation in a global collection of strains of C. 
meneghiniana and some closely related species, including the problematic C. cryptica, was 
surveyed in one of these regions and at an independent, plastid encoded locus. Finally, a 
multilocus genotyping method, AFLP (amplified fragment length polymorphism) was used to 
test the hypothesis of strict clonality in two C. meneghiniana populations. 
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1.7. Outline of the thesis 
 

1.7.1. Morphometrics 
 
The first step in this study of variation within C. meneghiniana was the sampling of a 

single population of this species. This was important to avoid difficulties associated with the 
interpretation of data obtained from strains with diverse geographic origins, as was the case in 
Bourne’s (1992) work. Possible explanations of (either genetic or morphological) differences 
found between strains can include limited gene flow or differential local adaptation in such 
cases. If amounts of within-population variation are unknown, no conclusions can be drawn 
about the significance of differences between individuals (strains) originating from different 
geographical sources: would the same amount of variation be found in any of the localities 
sampled if a larger number of strains had been isolated from that single locality?  

For this purpose, twenty strains were isolated from a single locality, the lowest, 
estuarine stretch of the River Geeste (Bremerhaven, North Germany), from what was believed 
to be a single C. meneghiniana population. The strains were first analysed morphologically 
using scanning electron microscopy; substantial morphological variation among the twenty 
cultures was found. Five of the cultures showed a valve morphology that was interpreted as 
intermediate between C. meneghiniana and C. scaldensis (referred to here and in 
Publications I and II  as the ‘ambiguous’ C. scaldensis morph). Patterns of valve 
ultrastructural variation were analysed using quantitative methods in Publication I. As noted 
above, the validity of the separation of C. scaldensis from C. meneghiniana has been 
questioned based on the large morphological variability and on the observations of 
intermediate forms between these species (Kiss & Ector 2000 and Muylaert pers. comm.). 
The morphometric comparisons were initiated to clarify first of all whether the five cultures 
with the ‘ambiguous’ morph were morphologically distinguishable from the rest of the 
cultures, which showed more typical C. meneghiniana morphologies. Because the twenty 
strains clearly only represented a small subsample of the populations sampled, material from 
the original, uncultivated samples was also included in these comparisons. This allowed us to 
(1) explore how representative of the populations they were isolated from the cultures were 
morphologically, and (2) make sure that morphological differences found between groups of 
cultures were neither culture induced artefacts nor artefacts resulting from poor sampling. 

Based on the intermediate valve morphology of the ‘ambiguous’ morph between C. 
meneghiniana and C. scaldensis, it was also relevant to compare it morphologically to the 
latter morphospecies. For this purpose, in the lack of type material for SEM investigations, 
material provided by K. Muylaert from the type locality of C. scaldensis was used. SEM 
observations of this material revealed the presence of valves closely resembling our 
‘ambiguous’ cultures, as well as ones with valve morphologies more typical of C. scaldensis 
(i.e., they were more different from C. meneghiniana; we called them ‘extreme’ C. scaldensis 
morph in Publication I) and typical C. meneghiniana. Our morphometric approach was thus 
also used to test the morphological distinctness of these three morphs in sympatry. Again, the 
comparisons also allowed exploration of the morphological relationships between 
representatives of the different morphs with different origins (in the case of C. meneghiniana 
and the ‘ambiguous’ C. scaldensis morph: cultures, Geeste population, and Schelde 
population). 

The major mentionable methodological aspects of Publication I were its use of 
morphometric methods for quantitative comparisons of valve ultrastructure using scanning 
electron microscopy (SEM) instead of light microscopy (LM) and the first use of landmark-
based geometric morphometric methods in diatom morphometrics. The first (SEM) was 
necessary due to the subject. Morphometric studies of pennate diatoms generally only use 
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light microscopy. However, the importance of valve ultrastructural characteristics that cannot 
be resolved by LM in the taxonomy of centric diatoms (Theriot & Stoermer 1984a; Theriot et 
al. 1988) and particularly in the group studied here made the use of electron microscopy 
necessary for our study.  

Concerning landmark-based morphometric methods, we tested their applicability by 
comparing analyses using conventional morphometric data collected from SEM images with 
those using landmark coordinates as the primary data. Although, as noted above, methods 
based on landmark coordinates were among the most dynamically developing areas in 
biological morphometrics in the last decades, methods using anatomic landmark points have 
not before been used in diatoms. Our aim was to explore whether and how frustule 
ultrastructural features of the diatoms studied could be modelled using landmark coordinates, 
and to compare the effectivity of landmark based and conventional morphometric methods in 
answering the above questions. 

 

1.7.2. Ribosomal DNA variation at a single locality 
 
The second part of the study involved exploration of sequence variation in different 

regions of the rDNA operon in the twenty strains isolated from the Geeste estuary 
(Publication II ). This part of the study was aimed at answering three questions. First, it was 
shown in Publication I that the ‘ambiguous’ morph was morphologically distinct from 
typical C. meneghiniana in the same conditions in cultures as well as in sympatry in the field 
samples of different origins included in the comparisons. This was interpreted as a strong 
indication that the organisms producing these valve morphologies were not conspecific. 
Ribosomal DNA comparisons allowed us to test this idea using an independent data set; thus, 
the first question was whether the morphologically distinct groups of cultures were also 
distinct in their rDNA sequences. 

The second aim of these sequence comparisons was to identify which region of the 
rDNA operon was the most appropriate for studying intraspecific variation in C. 
meneghiniana. This question has two important aspects. On the one hand, a molecular marker 
has to show variation in the group of interest in order to provide any useful information. 
Variability in different regions of the rDNA operon is known to vary in a wide range. Some 
positions are so conserved that they allow the alignment of sequences from all organisms, 
whereas other regions often even show substantial intraspecific variation. Because the 
variability of different regions is determined by the joint effect of several factors (the two 
most important of them being functional constraints and effective population size), the region 
showing the necessary amount of variation needs to be chosen experimentally. Conversely 
may a more variable region also vary not only within species, but even within individuals 
(clonal strains). To some extent, this can be dealt with using computational methods as long 
as within-strain variation is constrained to nucleotide substitutions (Clark 1990; Zhang & 
Hewitt 2003). However, the experimental effort required to obtain DNA sequences 
substantially increases if variation also includes length variation (insertion-deletion 
polymorphisms): PCR products cannot be sequenced directly in this case, but they need to be 
cloned and multiple clones sequenced. Thus, a compromise between information content and 
practicality would be to choose a region for large-scale comparisons that shows sufficient 
variation, but no within-strain length variation in the organisms of interest. 

The third question to be answered by this study was that if rDNA regions showing 
variation among the C. meneghiniana strains are found, is their variation pattern consistent 
with expectations from a single panmictic population or does it show indications of genetic 
structure? As discussed above, at least two possible hypotheses might be considered as 
alternatives of panmixia: the presence of several (cryptic) species in the ‘population’ studied, 
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or the complete (or close to complete) lack of allogamous sexual reproduction (strict clonality 
or autogamy). Patterns of genetic variation in the rDNA operon deviate from panmictic 
expectations in similar ways in both cases. With panmixia, random combinations of the rDNA 
variants present in the population are combined in individuals (clonal strains). Therefore, the 
chances of finding combinations of rDNA variants within single individuals are independent 
of the amount of sequence difference between the variants. Concerted evolution is 
furthermore expected to homogenize rDNA variation within single strains, thus, due to sexual 
transfer of rDNA variants between lineages, ultimately within the whole population. This 
leads to the expectation of low within-strain and a comparably low within-population rDNA 
variation in a panmictic population. In the case of cryptic sexual species, mixing of rDNA 
variants and their homogenisation is constrained to subsets of individuals. Because of the lack 
of gene flow among these groups, mutations accumulating within them lead to their 
divergence from each other. Therefore, in this case, small within-strain rDNA variation and 
larger within-‘population’ variation with multiple, well-distinguished groups (i.e., small 
within-group variation, larger among-group differences) are expected. Third, the diverging 
lineages are represented by single individuals in the case of strict clonality or autogamy 
(which cannot be differentiated from each other based on patterns of genetic variation). 
Mutations occurring in any individual are only inherited by its clonal offspring, leading to a 
hierarchic pattern of variation not characteristic of sexually reproducing organisms. The 
expectation is small within-strain and larger within-‘population’ variation, but without the 
presence of distinct groups. The amount of rDNA variation is expected to be larger in any 
randomly chosen group of individuals than in the single individuals, provided there is 
variation at all. 

The data obtained strongly rejected the null hypothesis of panmixia, and indicated that 
the ‘population’ studied probably included multiple, reproductively isolated sexual species 
(although the possibility of strict clonality could not be excluded with great confidence 
either). A final question that Publication II  attempted to answer was whether the groups of 
strains belonging to different rDNA groups were morphologically distinguishable by the 
conventional morphometric characters recorded for Publication I or were they truly ‘cryptic’.  

 

1.7.3. Genetic variation within C. meneghiniana on a global scale 
 
It was shown in Publication II  that patterns of rDNA sequence variation in a single 

‘population’ of C. meneghiniana suggested the presence of genetic structure in this 
morphospecies. Publication III  extended this study in a number of ways. First, a global 
collection of C. meneghiniana strains was included in the comparisons. Second, the 
taxonomic sampling was further extended by including strains of the closely related species 
C. quillensis, C. choctawatcheeana, the problematic C. cryptica; and Discostella (former 
stelligeroid Cyclotella, Houk & Klee 2004) and Stephanosdicus strains to serve as outgroups. 
Third, an independent molecular marker, a coding region of the chloroplast genome was also 
sequenced besides a part of the nuclear ribosomal DNA operon. In order to find an 
appropriate plastid marker, amounts of variation at a number of loci, for the amplification of 
which PCR primers have been published, was screened, and the region showing the largest 
amount of variation was chosen. The molecular markers used to screen variation in 
Publication III  were the D1/D2 regions of the 28S rDNA (identified in Publication II  as the 
best compromise between variability and practicability of the nuclear rDNA regions tested) 
and a section of the plastid encoded psaA gene (identified in these experiments as the most 
variable of the plastid genomic regions tested). 

The use of multiple, physically unlinked markers allows testing of a further aspect of 
genetic variation. As noted above, congruence of patterns of variation in independent traits is 
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generally considered crucial for studies aimed at the clarification of species limits (Mann 
1999). The characters provided by single genomic loci are not truly independent characters 
because of their strong physical linkage. However, use of different genomes (nuclear and 
organellar) represents a powerful approach to sampling genetic variation at loci the evolution 
of which was as independent from each other as possible. Therefore, congruence between 
variation patterns at a nuclear rDNA region and a plastid region is a much stronger indication 
of underlying phenomena that affect the whole organism than congruence of variation pattern 
at closely linked loci is (like different parts of the rDNA operon). 

The question whether the observed deviations from panmictic expectations were 
caused by the presence of several cryptic species or by strict clonality could not be answered 
with confidence in Publication II  using rDNA sequence data. The reason for this was the 
relatively small amount of variation within the single rDNA groups found. The combined use 
of the two loci in Publication III  could not help to answer this question either, because of the 
same reason. Thus, in Publication III  another approach was chosen to test further which of 
these possibilities applies to C. meneghiniana. The approach chosen involved multilocus 
genotyping of a subsample of strains isolated from two populations using amplified fragment 
length polymorphism (AFLP) and analysis of the phylogenetic incongruence in the AFLP 
fingerprints. This approach was chosen for two reasons. The first was that AFLP markers are 
dominant, i.e., heterozygotes cannot be differentiated from dominant homozygotes using this 
technique. Classical tests of linkage disequilibrium are not applicable in such cases. The other 
reason was the comparatively small sample sizes reachable using our sampling. Testing the 
hypothesis of clonality requires detailed sampling of single populations. However, the 
majority of strains used in Publication III  represented different populations, in the sense that 
they either had different geographic origins or they belonged to different rDNA groups. Only 
two populations, sampled on a single day at two localities on the River Weser (North 
Germany), which exclusively included strains belonging to a single genotypic group, provided 
an appropriate sample for this analysis.  
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2.3. Publication I: Conventional and geometric morphometric 
studies of valve ultrastructural variation in two closely related 
Cyclotella species (Bacillariophyceae)  

 

 

BÁNK BESZTERI1, ÉVA ÁCS2, LINDA MEDLIN 1 

1Alfred Wegener Institute for Polar and Marine Research, Am Handelshafen 12, 
27570 Bremerhaven, Germany 

2Danube Research Station of the Hungarian Academy of Science, Jávorka S. u. 14, 
2131 Göd, Hungary 

 

2.3.1. Abstract 
 
Conventional and landmark-based geometric morphometric approaches were used to 

clarify the taxonomic identity of a centric diatom morph. This morph, found in cultures 
isolated from the Geeste estuary (Northern Germany), showed an intermediate valve 
morphology between that of typical specimens of Cyclotella meneghiniana Kützing and of C. 
scaldensis Muylaert & Sabbe. Its internal valve ultrastructure was compared to that of cells 
from 1) cultures of C. meneghiniana isolated from the same field samples and grown in the 
same conditions, 2) field material from the samples from which the cultures were isolated, 
and 3) a sample from the type locality of C. scaldensis. The morphometric analyses were used 
to determine 1) whether morphological variation of these morphs was continuous, or whether 
there were distinct morphological groups, and 2) how effective the alternative morphometric 
approaches were in answering this question. Both approaches proved informative and their 
results complemented each other, supporting the conclusion that three distinct size-reduction 
series were present in the samples investigated. Since the different morphs occurred 
sympatrically, we suggest that they probably belong to three reproductively isolated species.  
 

 

Key words: Cyclotella, landmarks, morphometrics, morphospecies 

2.3.2. Introduction 
 
 
Cyclotella meneghiniana Kützing is one of the classically problematic diatom species. 

To investigate the variation in what we believed to be a single population of this species, we 
established a collection of clonal cultures from an estuarine locality in Northern Germany. 
Scanning electron microscopy revealed that some of these strains differed morphologically 
from typical C. meneghiniana. Morphometric analyses were initiated to clarify the taxonomic 
identity of these cultures. 

The valve morphology of these cultures resembled that of C. scaldensis Muylaert & 
Sabbe (1996), but did not differ as markedly from C. meneghiniana as the former, based on 
the above authors’ illustrations. We therefore refer to this morph as “ambiguous”. SEM 
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observations of a sample from the River Schelde (the type locality of C. scaldensis) showed 
that it contained valves similar to our “ambiguous” morph, as well as others that we 
considered characteristic of C. scaldensis. However, these observations did not 
unambiguously reveal whether there was a continuum of morphological variation from typical 
C. meneghiniana through the “ambiguous” morphology to typical (“extreme”) C. scaldensis, 
or if these were distinct morphological groups (morphospecies). We therefore attempted to 
characterize valve morphology quantitatively to clarify this question. Based on our 
preliminary observations, we assigned specimens to three morphs (C. meneghiniana, the 
“ambiguous” morph, or more characteristic C. scaldensis), and also grouped them according 
to their origin, viz., cultures, original samples from the River Geeste, and from the River 
Schelde sample. Original field samples were included to determine whether any aspects of our 
results were culture-induced. 

We used both conventional and geometric morphometric approaches to characterize 
inner valve face morphologies. Conventional morphometric techniques have proven effective 
for clarifying species limits, especially in the centric genus Stephanodiscus (Theriot & 
Stoermer, 1984 a, b), as well as other diatom genera, and to investigate intraspecific 
morphological variation (Theriot, 1987; Hausmann & Lotter, 2001; Droop, 1995; Teubner, 
1995). Whereas the data used for such analyses can include a diverse collection of 
measurements, counts and angles, geometric morphometrics place greater emphasis on a more 
complete use of two- or three-dimensional geometric information (Rohlf & Marcus, 1993). 
One such group of methods describes outline shape using Legendre polynomials or Fourier 
analysis, and has been used in quantitative studies of outline shape in pennate diatoms 
(Pappas et al., 2001; Rhode et al., 2001, du Buf & Bayer, 2002). We used another 
methodology called thin plate splines (Bookstein, 1991; Dryden & Mardia, 1998). Here, the 
shapes studied are modelled as geometric configurations of landmarks (reliably identifiable 
points that are assumed to be homologous in the range of specimens investigated), and their 
differences as “smooth” deformations. Shape variation within a sample of landmark 
configurations is described in terms of parameters that describe these deformations and can be 
analysed with classical multivariate analytical methods (Dryden & Mardia, 1998, for 
methodological details). To our knowledge, thin-plate splines and landmark-based 
morphometric analyses of valve ultrastructure have not previously been used for diatoms.  
 

2.3.3. Materials and Methods 

2.3.3.1. Samples 
 
Two net plankton and two benthic samples were taken from the lowest, tidal stretch of 

the River Geeste in Bremerhaven (Northern Germany) on 9 July 2001. Plankton samples were 
collected from shore using a 20 µm mesh plankton net. Benthic samples were collected by 
scraping material from the surface of stones and wooden structures close to shore. A sediment 
sample from the Schelde estuary (Belgium) from December 2002 was provided by K. 
Muylaert.  
 

2.3.3.2. Cultures  
 
Cultures were initiated from samples taken from the River Geeste using a modified 

DY-IV medium (Andersen et al., 1997) prepared with filter sterilized water from the sampling 
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sites. After one to four days, individual cells were isolated from these initial cultures with a 
micropipette and repeatedly washed in fresh medium. Cultures were maintained at 15 oC in a 
growth chamber with a 14/10 light/dark cycle at a photon flux density of 30-40 µmol m-2s-1. 
Twenty cultures were used in the analyses, fifteen of which were identified as C. 
meneghiniana and five as the other, “ambiguous” morph. Cultures or live material of the third 
morph (C. scaldensis) were not available for our study. 
 

2.3.3.3. Electron microscopy 
 
Diatom valves from field samples and cultures were cleaned using 30% H2O2 and five 

drops of HCl, rinsed in distilled water and dried on coverslips, sputter coated in an Emscope 
SC500 Modular Sputter Coater and examined with a PHILIPS XL30 ESEM operated at 10 
kV accelerating voltage. For all morphometric analyses, scanning electron micrographs of 
inner valve views were used, as these provided the greatest number of possibly useful 
characters, including alveolar morphology, the frequency of marginal fultoportulae (FPs) and 
morphology of the rimoportulae (RPs). All SEM photographs and data sheets are available 
from B. Beszteri upon request. 

 

2.3.3.4. Conventional morphometrics 
 
The Microscope Control software of the SEM was used for measurements. The image 

of each specimen measured was saved as a tiff file. For all measurements and photographs, 
each cell was rotated so that the RP was located at the bottom of the image to standardize 
diameter measurements. Data from 312 specimens were used for the analyses, including 
cultures as well as field samples. Valves were assigned to one of the three morphs before 
morphometric analysis.  

Variables used are shown in Fig. 1. Diameter measurements (D1, D2, D3) were taken 
in horizontal and vertical directions on the images and averaged to reduce measurement error 
and error due to the valves not lying absolutely perpendicular to the electron beam. Ratios of 
valve diameters (D1) measured in the two directions were calculated and specimens whose 
ratio was smaller than 0.95 (an arbitrarily chosen limit to exclude tilted specimens) were 
excluded from further analyses. 

Principal component analysis (PCA) was calculated from the correlation matrix of the 
variables. PCA scores were calculated by postmultiplying the data matrix (with rows 
corresponding to cases and columns to variables) by the matrix of the eigenvectors of the 
correlation matrix without any further scaling. Canonical variate analysis was used to ordinate 
specimens to maximize separation of morphs with respect to their within-group variances. 
The size ranges of the morphs were similar (see below) and they overlapped, so no correction 
for this effect was used (dos Reis et al., 1990). The analyses were carried out with MATLAB 
6 (MathWorks Inc., Natick, MA, USA), using several MATLAB functions of R. Strauss 
(available at http://www.biol.ttu.edu/Strauss/Matlab/matlab.htm).  

Discriminant analyses were performed using SYSTAT 10 (Version 10, SPSS Inc.) in 
order to test the distinctness of the groups. A jack-knifed discriminant analysis was also 
performed with SYSTAT 10, in which one of the specimens in every run was excluded from 
the calculation of the Mahalanobis distances from group centroids and was subsequently 
classified using the values obtained from the rest of the sample. This might be considered a 
more conservative indication of group distinctness.  
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Diagrams of valve morphologies were constructed in the following way to illustrate 
the results: three concentric circles with diameters D1, D2 and D3, were drawn to represent 
the valve outline, the inner rim of the valve mantle and the central area, respectively. The area 
between the second and third of these circles was divided into NC “triangles”, representing 
the alveoli. The RPs were represented by equilateral triangles with a height of RL and a base 
length of RW. The value of MFP was used to calculate the reciprocal of the frequency of 
marginal FPs, (NC-1)/MFP. This value was rounded to the nearest integer, M, and a star, 
representing a FP, was drawn at every Mth costa.  

The diagrams were used to reconstruct morphologies corresponding to points in the 
PCA scatter plot. Coordinates of the points on all except the two first principal component 
axes were fixed to zero, and points were projected back into the space of the original 
measurements. For this, row vectors of PCA scores were post-multiplied by the transpose of 
the matrix of eigenvectors, the entries of the resulting vector multiplied by the standard 
deviations of the corresponding column of the original matrix and added to the corresponding 
column means. The scores thus calculated were used to draw valve diagrams as described 
above.  

 

2.3.3.5. Geometric morphometrics  
 
The images used for the geometric morphometric comparisons were a subset of those 

used for the above conventional analyses (193 specimens). Landmark coordinates were 
digitized on the images and scale factors were recorded for each by measuring the length of 
the scale bar in the picture in pixel units using the software tpsDig 
(http://life.bio.sunysb.edu/morph/). The approach chosen for this study models “shape“ as 
point (landmark) configurations and obtains a multivariate dataset describing shape variation 
using smooth deformations (Bookstein, 1991; Dryden & Mardia, 1998). This dataset can then 
be analysed with conventional multivariate data analysis methods. For digitizing landmarks 
and performing much of the following calculations, the tps series of programs (by F. J. Rohlf, 
http://life.bio.sunysb.edu/morph/) was used. 

The landmarks recorded are listed in Table 1 and their position on a valve is shown in 
Fig. 2. Landmark 1, the centre of the valve, was found by digitizing the valve outline and 
calculating the coordinates of its centroid using the tpsDig program. To be able to use 
landmark 7, specimens without a FP at the costa adjacent to the RP had to be excluded from 
the analyses. However, it seemed to be the rule in all three morphs that there was a FP at both 
costae neighbouring the RP, and only eight specimens were excluded for this reason. 

Landmarks were chosen around the RP as a point of correspondence between valves, 
since only one RP is present in valves of the group studied. In order to characterize alveolar 
morphology (landmarks 8-10), the alveoli adjacent to the RP might have appeared the most 
appropriate following this line of thought, but in many valves with large, bent RPs, the inner 
part of those (where landmark 10 would be) was obscured by the head of the RP. We 
therefore chose to use the second alveolus.  

A multivariate dataset describing shape variability was obtained by the use of partial 
warp scores (Dryden & Mardia, 1998; Rohlf, 1999). With this technique, the thin-plate spline, 
an interpolating function minimizing bending energy, was fitted to the landmark 
configurations of the sample, using the calculated average landmark configuration as 
reference. Shape variation was described in terms of the parameters of the fitted functions. If 
shape variation in a sample is sufficiently small, the data thus obtained are a good 
approximation of the exact non-linear shape space which uses Procrustes distance as a metric 
(Dryden & Mardia, 1998; Rohlf, 1999). To verify that this was the case here, the slope of the 
regression line of tangent space distances against Procrustes distances and their uncentered 
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correlation coefficient were calculated using tpsSmall (http://life.bio.sunysb.edu/morph/). The 
slope of the regression line was 0.99, the correlation coefficient 0.99996, and inspection of the 
scatter of points revealed no large deviations of single points. These were accepted as 
indications of a good fit. 

The use of partial warp scores allows for differential weighting of localized or global 
shape differences in a principal component (also called relative warp) analysis (Bookstein, 
1991; Rohlf, 1993). With positive values of the weighting parameter α, partial warps with 
smaller bending energy, describing more global shape differences are given more weight, 
whereas with negative α more localized differences can be emphasized. Because we expected 
that the most interesting variation in our sample would be found in small-scale features, such 
as the shape of the RP or alveoli, we used α = -1 for the relative warp analysis.  

To analyse shape differences further, the partial warp scores were used as an ordinary 
multivariate dataset, in principle as described above for the conventional dataset. Centroid 
size and valve diameter were used as size measures to describe size-dependent morphological 
variation. Centroid size is a size measure generally used in geometric morphometric studies - 
it is calculated as the square root of the sum of squared distances of a specimen´s landmarks 
from their centroid (Dryden & Mardia, 1998). Valve diameter, on the other hand, is the most 
readily available measure of cell size in these diatoms. To compare allometry, shape change 
with size within the three groups, the partial warp scores were regressed on both size 
measures (centroid size and valve diameter) as well as on their logarithms using tpsRegr 
(http://life.bio.sunysb.edu/morph/). A multivariate analysis of covariance was performed to 
test the null-hypothesis of equal slopes of the regression lines in the three morphs. Of the 
different size measures used, the logarithm of valve diameter explained the most variance of 
the partial warp scores (data not shown), and was therefore used for the illustrations. 
Diagrams depicting shape changes from the overall mean landmark configuration to those 
predicted by the regression for different sizes using the thin-plate spline interpolation 
(Bookstein, 1991; Dryden & Mardia, 1998) were used to summarize differences in 
morphological changes with size reduction.  
 

2.3.4. Results 

2.3.4.1. Description of the morphs  
 
We refer to the three morphs as “ambiguous” and “extreme” morphs of C. scaldensis, 

and C. meneghiniana. The “ambiguous“ morph included the ambiguously identified valves 
found in cultures isolated from the River Geeste and in the original samples, as well as similar 
valves from the River Schelde. Valves of the “extreme” morph were predominantly found in 
the Schelde sample, only four valves were encountered in the Geeste material, and none in 
culture. C. meneghiniana valves included those unambiguously identified as belonging to this 
species, from cultures and from field samples from both rivers. 

All three morphs showed the typical features of the C. meneghiniana complex (Figs 3-
26; Håkansson, 1990; Håkansson & Chepurnov, 1999; Håkansson 2002). Valves were 
areolated peripherally but not in the central area (apart from some of the smallest valves, < 7 
µm diameter). The central area was smooth on the inside, and smooth to colliculate (rugose) 
on the outside (Figs 6-8, 14-16, 22-24; Muylaert & Sabbe, 1996). It was tangentially undulate, 
with the central FPs in the elevated part when observed from the valve exterior. The single RP 
was found in front of the elevated part of the undulation and the central FPs. The marginal 
FPs occurred with varying frequency on the costae, spines were often inserted at their outer 
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openings. All FPs had three satellite pores. When observed from the valve exterior, costae 
corresponded to the furrows in the undulating striated peripheral area.  

The following differences could be observed between the morphs: C. meneghiniana 
had long alveolar chambers (Figs 4-5, 10), with open central portions. In both C. scaldensis 
morphs the central parts of the alveolar chambers were covered by central lamina (Figs 11-13, 
17, and Figs 19-21, 26, respectively). The RP lips were radially oriented in C. meneghiniana 
(Fig 10), but twisted in the C. scaldensis morphs (Figs 17, 26). In C. meneghiniana, marginal 
FPs were found on almost every costa (Figs 3-5), whereas they occurred on every second to 
fourth in the C.  scaldensis morphs (Figs 11-13, 19-21). 

The most marked differences between the two C. scaldensis morphs were found in the 
frequency of the marginal FPs and in RP morphology. The “ambiguous“ morph had more 
frequent marginal FPs than the “extreme“ (Figs 11-13, 19-21). The number of central FPs also 
differed in the two morphologies: valves of the “ambiguous“ morph had fewer than valves of 
the same diameter assigned to the “extreme” morph (Figs 12-13 to 20-21). RPs had somewhat 
undulate lips in the “ambiguous” morph (Fig. 17), whereas in the “extreme“ morph, they were 
straighter and wider (Fig. 26).  

Examining the figures in Muylaert & Sabbe (1996), we found that their concept of C. 
scaldensis probably included both morphs as described above. They included a valve interior 
that we would recognize as the “extreme” morph (Muylaert & Sabbe, 1996: fig. 11), together 
with ones (Muylaert & Sabbe, 1996: figs 12,13) that we would identify as the “ambiguous“ 
morph. Thus, according to their description, both morphs belong to C. scaldensis. 

Our morphometric results (below) indicated that the two C. scaldensis morphs could 
be differentiated by their marginal FP frequency and the number of central FPs at any given 
size. Based on this, we were then also able to compare exterior valve views of the morphs. 
The valve face was more pronouncedly colliculate in the “extreme” morph (compare Figs 14-
16 and 22-24). Spines at the outer openings of processes were straighter in this morph (Fig 
25), whereas those of the “ambiguous“ morph had a more elaborate shape (Fig 18). Both C. 
scaldensis morphs differed from C. meneghiniana by having small emergences at the external 
process openings, especially marked for the RPs. Such emergences were absent in C. 
meneghiniana (Figs 18, 25; Håkansson & Chepurnov, 1999: figs 34, 35). 
 

2.3.4.2. Conventional morphometrics 
 
Pair-wise scatter plots of variables provide perhaps the simplest approach for looking 

at multivariate data. Fig. 27 shows the number of marginal FPs (MFP) plotted against number 
of costae (NC). These variables showed the most marked differences between the two morphs 
of C. scaldensis, showing no overlap in this plot. On the other hand, the “ambiguous” morph 
overlapped with C. meneghiniana at the smaller end of the size range, while being quite 
distinct at larger sizes. 

The range of the ratio of NC and MFP (calculated as (NC-1)/MFP because one costa is 
always occupied by the RP) in the “extreme“ C. scaldensis morph (2.44 – 3.92) did not 
overlap with that of either the “ambiguous“ morph (1.24 – 2.25) or C. meneghiniana (1.0-2.0) 
in our sample. Similar ratios are not generally appropriate for compensating for size-related 
differences and are often less effective in revealing morphological distinctness than an 
analysis of the interdependence of the two variables (Bookstein et al., 1985; Theriot, 1988). In 
this particular case, however, (NC-1)/MFP proved to be a useful index that unequivocally 
discriminated the two morphs of C. scaldensis. Assuming that the major axis regression lines, 
MFP=a*NC+b (a=0.35, b= -1.98 for the “extreme“ and a=0.59, b=-2.0 for the “ambiguous“ 
morph), describe the interrelationship of these variables well, we can expect that the value of 
the (NC-1)/MFP index approaches 1/a at relatively large values of NC, i.e., if NC>10. This is 
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well below the observed minimum value of NC in C. scaldensis (20 for the “ambiguous”, 39 
for the “extreme” morph). We can therefore expect that for these morphs, the curvilinearity 
occurring at small sizes (Theriot 1988) will not impede the ability of this ratio to distinguish 
them. However, whereas the bivariate plot (Fig. 27) indicates that valves of the “ambiguous” 
morph are more different from C. meneghiniana at larger sizes, this does not emerge if the 
ratio of the two variables is applied.  

To summarize the variation in the eight recorded variables, a principal component 
analysis of their correlation matrix was calculated. The first and second principal components 
accounted for 75.16 and 13.55 % of the total (standardized) variation, respectively. The 
scatter plot in Fig. 28 also showed that the two morphs of C. scaldensis were distinct from 
each other with respect to the eight variables used, whereas scatters of the “ambiguous”  
morph and C. meneghiniana again overlapped at the lower end of the size range. 
Nevertheless, as in Fig. 27, the PCA scatter plot strongly suggests that there were three 
different size reduction series in our samples. The loadings of the variables on the first 
principal component (PC1) were all positive (Fig. 28) and PC1 accounted for 75% of total 
(standardized) variation. Thus, PC1 reflects overall size variation in our sample (Humphries et 
al., 1981). This suggests that morphometric differences between C. meneghiniana and the 
“ambiguous” morph were clearer at larger sizes (at larger values of PC1), but smaller 
specimens were more similar to each other. The loadings of the variables on the first two 
principal component axes and reconstructed morphologies corresponding to some points in 
the PCA plot (Figs 28-29) illustrate that PC2 contrasted RP width (RW) and NC with MFP. 
Thus, points with larger PC2 values represent valves with a wider RP, more costae, and fewer 
marginal FPs. The other variables were not strongly correlated with this axis, which separated 
the morphs. 

Furthermore, Figs 27-28 show that cultured cells of C. meneghiniana, and those found 
in the River Schelde, were practically indistinguishable from cells of this species from the 
Geeste material. On the other hand, similarity of the groups (cultures, Geeste and Schelde 
material) of the “ambiguous” morph was less. Nevertheless, these also overlapped to a large 
extent, and their differences seem to be caused by variation in the size distributions of the 
three samples. Cultures of this morph tended to be smaller (had smaller values on PC1) than 
cells of the same morph in the original field samples (River Geeste); those found in the 
Schelde sample were even larger.  

Results of a canonical variate analysis of the eight variables are shown in Fig 30. This 
technique maximizes the separation of predefined groups (the three morphs) in multivariate 
space with respect to their within-group variance. The figure shows that even C. 
meneghiniana could be distinguished without overlap from the “ambiguous” morph in the 
variables used, despite their overlap in the PCA plot. Fig. 30 also shows that valve diameter 
(D1), diameter measured between the inner edges of the mantle (D2) and RP length (RL) 
contributed least to the separation of the morphs, and that CV2 was only strongly correlated 
with the number of central fultoportulae (CFP). The other variables all contributed to the 
separation of the groups on the first axis (CV1). 

Discriminant analyses provided a further test of the distinctness of the morphs. In a 
regular discriminant analysis, two C. meneghiniana specimens were misclassified as the 
“ambiguous” morph, all other specimens were classified correctly. In a jack-knifed 
discriminant analysis, two C. meneghiniana specimens were misclassified as “ambiguous”, 
and one specimen of the “ambiguous” morph as C. meneghiniana. Thus, although the 
distinction between the “ambiguous” morph and C. meneghiniana was somewhat less marked 
than separation of the “extreme” morph from the others, the former were also distinguishable 
from each other with minimal error. 
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2.3.4.3. Geometric morphometrics  
 
Fig. 31 shows the results of a relative warp analysis, a principal component analysis of 

partial warp scores, using a weighting factor α of -1. This weighting emphasizes small-scale 
differences, and we used it because we expected that interesting differences among the 
morphs would be found in configurations of closely spaced landmarks, rather than in large-
scale features. This plot (Fig. 31) showed that landmark configurations separated C. 
meneghiniana from the C. scaldensis morphs. Separation of the latter morphs was not 
complete, although they showed negligible overlap. Thus, despite similarity in alveolar and 
RP morphologies of the C. scaldensis morphs, there were considerable differences in these 
features.  

Points in the relative warps plot in Fig. 31 each represent a landmark configuration 
(see Fig. 2 for the correspondence of landmark points with anatomic features of the valve). 
The plots (Fig. 32) illustrate changes in these configurations when moving in different 
directions (up [Fig. 32a], to the left [Fig. 32b], to the right [Fig. 32c], down [Fig. 32d]) from 
the origin (the overall mean configuration) in the coordinate system of the relative warps (Fig. 
31). Fig. 32b is particularly interesting because it shows the difference between an 
“ambiguous“ C. scaldensis and C. meneghiniana. Changes in the relative positions of 
landmarks 4, 5 and 10 are the most marked. These changes correspond to a radial orientation 
of the RP head and long alveolar chambers and show that these are important differences 
between C. meneghiniana and the other morphs. The difference between the C. scaldensis 
morphs (Figs 32c, d) is less easily interpreted using these diagrams.  

Canonical variates analysis (not shown) indicated more clearly that even the two 
morphs of C. scaldensis could be distinguished without overlap. The differences are 
illustrated most clearly by analysing the correlation of shape change with size (Fig. 33). C. 
meneghiniana (Figs 33a-c) has longer alveoli than the other two morphs and its RP head is 
always orientated radially. The contrasting tendencies between the two morphs of C. 
scaldensis also become more obvious. The “extreme“ morph (Figs 33g-i) tends to have 
smaller alveoli and marginal FPs and a wider RP than the “ambiguous“ morph (Figs 33d-f) at 
the same size (valve diameter).  

As with the conventional morphometric analyses, morphological similarity of the three 
groups of C. meneghiniana (cultures, Geeste and Schelde samples) was closer than that of the 
three “ambiguous” morph groups (Fig. 31). As discussed above (cf. Fig. 28), this is probably 
due to the size differences. Valves from cultures showed more variation in the landmark 
configurations than those from field samples, a pattern not observed in the conventional 
analyses (Figs 27-28). 

In a discriminant analysis using partial warp scores, no case was misclassified, 
whereas in the jack-knifed discriminant analysis, one C. meneghiniana valve was 
misclassified as “ambiguous” C. scaldensis, and five C. scaldensis specimens were 
misclassified as the other morph of this species, but never as C. meneghiniana. This again 
illustrates that C. meneghiniana was most distinct, while the two C. scaldensis morphs could 
also be distinguished with minimal error. 

 

2.3.5. Discussion 

2.3.5.1. Morphometrics 
 
Electron microscopy has clarified several earlier problems of diatom taxonomy 

(Round et al., 1990) simply by providing increased resolution of morphological features. 



 

 33

However, increased resolution alone is probably  insufficient to resolve all taxonomic 
questions. One of the important problems when delimiting species is to decide whether 
morphological groups are distinct (Mann, 1999). Morphometric methods can help decide if 
morphological variation is continuous and they can identify which characters can be most 
effectively or easily used to distinguish groups identified (Theriot and Stoermer, 1984a, b). 
Furthermore, they can help communicate results and information about morphological 
variation over many specimens, the range of which could not be illustrated photographically. 
They therefore constitute an important part of the methodological arsenal of diatom 
taxonomy. 

Basic morphometric insights are of fundamental importance to diatom taxonomy. 
Some of these are already gaining recognition: the increasing use of multivariate data analysis 
methods instead of single-variable comparisons, and the characterization of allometric trends 
by analysing the interdependence of size-dependent quantities instead of their reduction to a 
ratio (Theriot, 1988). Reproducing morphologies based on the analysed parameters is a 
classical morphometric approach ( Bookstein et al., 1985) that might also be useful for diatom 
studies, as shown in diatom outline shape analyses (Mou & Stoermer, 1992). It can be used to 
verify the adequacy of recorded characters by comparing specimen morphologies with 
diagrams based on the data collected. Furthermore, it can also be used to help interpret results 
in a variety of ways, e.g. presenting diagrams corresponding to different points in 
morphospace (Figs 29, 32) or to phases of a size reduction series (Fig. 33). This is an often-
used advantage of many landmark- and outline-based geometric morphometric methods. 
Although this is not necessarily readily achievable in conventional morphometric analyses, 
Tropper (1975) and this study illustrate that it could be feasible. 

The use of landmarks, which has become a central concept of morphometrics in the 
last two decades (Rohlf & Marcus, 1993; Dryden & Mardia, 1998), has not yet established 
itself in morphometric analyses of diatom valves. Mou & Stoermer (1992) suggest that this is 
because “most diatoms do not have outline landmarks” and that “internal structures, such as 
labiate processes, are usually not qualified as landmarks”, because of the lack of knowledge 
about their function and ontogeny, and because their number usually varies within a genus, 
and often within a species. We think that, at least in some diatom groups, landmark points can 
be chosen so that we have as much confidence in their homology between specimens as in 
that of our conventional morphometric variables. The varying number of most structures 
found on diatom frustules is, on the other hand, a practical problem. To compare shapes of the 
repetitive structures themselves (like this study) might enable us to circumvent this problem. 
The characterization of RP morphology in our study is a good illustration of a case where 
landmarks characterize morphologies more intuitively and precisely than simple 
measurements. Using the traditional approach, a difference in the “width” of the RPs between 
the C. meneghiniana and the C. scaldensis morphs (Fig 29) could be revealed. The same 
differences could, on the other hand, be interpreted more precisely as a twist of the RP head in 
the landmark based analyses (Figs 32-33; compare Figs 9-10, 17, 26).  

 

2.3.5.2. Taxonomic identity of the ambiguous morph 
 
The two different approaches introduced to analyse valve ultrastructural variation 

proved to some extent complementary: differences between the two morphs of C. scaldensis 
emerged more clearly in the conventional morphometric analyses (Figs 27-30), those between 
C. meneghiniana and the “ambiguous” morph in the geometric ones (Fig. 31). Results from 
both approaches confirmed that 1) valve morphologies of the cultivated strains corresponded 
to valve morphologies of the morphs in the field samples, and 2) the three morphs were 
morphologically distinct. The analyses allowed us to identify our “ambiguous” cultures as a 
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C. scaldensis morph that has an intermediate valve morphology between the other 
(“extreme”) morph of this species and C. meneghiniana. 

The biological relevance of the morphological distinctness of samples of diatom 
valves depends, first of all, on whether the differences can be explained simply by size 
differences. The characteristic cell size reduction, inherent in many diatom life cycles, can 
lead to morphological changes that cause smaller and larger specimens of a clonal culture to 
look quite different (Meyer et al., 2001). The morphological differences found between our 
three morphs cannot be explained by this phenomenon, because their distinctness was found 
despite overlapping size ranges (C. meneghiniana: 4.4 – 32.5 µm; “ambiguous” morph: 7.1 – 
24.3 µm; “extreme” morph: 12.8 – 27.1 µm).  

Alternatively, morphological differences might be explained by intraspecific 
geographical variation or phenotypic responses to different environmental conditions. To 
date, little is known about geographical variation in diatom valve morphology. On the other 
hand, morphological plasticity has been observed in a closely related species, C. cryptica. 
Strains of this species exhibited valve morphology characteristic of C. meneghiniana when 
grown in low salinity media, whereas they produced the typical C. cryptica morphology at 
higher salinities (Schultz, 1971). In our study, we did not attempt to study phenotypic 
plasticity, but any effect of environmental or geographic factors on valve morphology was 
reduced to a minimum by the sampling design. The compared valves were, 1) grown under 
the same culture conditions (medium, temperature, light intensity, light-dark cycle), and 2) 
co-occurred in the same field samples.  

Culture studies could reveal cases where morphological variation spanned proposed 
species boundaries in this genus, as illustrated by Hegewald & Hindáková (1997) for the C. 
ocellata-complex. The occurrence of different morphs in their study was partly size-
dependent (connected to life cycle), but also seemed to represent phenotypic variability. We 
found neither size-dependent morphological changes nor size-independent morphological 
variability that exceeded morph limits. However, variability was observed in some minor 
features. In particular, the presence and morphology of spines was highly variable in the 
“ambiguous“ C. scaldensis cultures. Valves with regularly and irregularly spaced spines, as 
well as those without any spines, could be found in a single sample of a clonal culture. 
Presence of spines seemed to be a more stable character in C. meneghiniana: valves always 
possessed spines, although they were not always present at each FP opening.  

The availability of cultures of the “extreme” morph could provide the possibility for 
comparative experimental studies of phenotypic plasticity and/or for molecular genetic 
comparison with the other morphs. However, even in the absence of cultures, the co-
occurrence of the three morphs in the same field samples at overlapping size ranges strongly 
suggests that the morphological differences between them result from their genetic 
distinctness – i.e. the three morphs constitute different morphospecies.  

We note that ribosomal DNA sequence comparisons of these strains further reinforce 
the possibility that they belong to distinct species (see Publication II ). Furthermore, whereas 
cultures of C. meneghiniana were easy to isolate and grow, even for a long time in a variety 
of media, cultures of the “ambiguous“ morph were more problematic. The latter required the 
addition of river water and frequent transfers when they reached stationary phase in order to 
survive. This indicates that the cultures differed not only mophologically, but also 
physiologically, and further supports their separation into different species. The three morphs 
also seem to have different ecological preferences, as illustrated by their contrasting 
abundances in the two estuarine sites.  

However, a number of questions remain to be answered about the three morphs, to 
improve understanding of this particular taxonomic group, not only for its own sake, but also 
as a model of diatom species complexes in general. With respect to morphology, the most 
important question is whether these morphs remain morphologically distinct on a global scale, 



 

 35

and whether they show morphological plasticity. On the other hand, the biological and 
ecological differences between the morphs need to be clarified to permit any “practical” 
consequences of distinguishing them, for example in water quality monitoring.  
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Table 1. Landmark points recorded for the geometric morphometric analyses. Their 
position is described on a valve the RP of which was oriented towards the bottom of the 
image. See also Fig. 2. 

 

Number Description 

1 the center of the valve   

2 the distal right corner of the alveolus at the left of the rimoportula (RP) 

3 the distal left corner of the alveolus at the right of the RP 

4 the end of the RP looking towards the upper right corner of the image 

5 the other end of the RP head 

6 the distal right corner of the alveolus at the right of the RP 

7 the tip of the marginal FP at the first costa to the right of the RP 

8 the distal left corner of the second alveolus on the right-hand side of the RP 

9 the distal right corner of the same alveolus 

10 the midpoint of the proximal edge of the same alveolus.  
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2.3.8. Figures 
 

 

Fig. 1. Variables used for the conventional morphometric analyses, illustrated on a C. 
meneghiniana valve. D1 – valve diameter, D2 – valve diameter measured between the inner 
edges of the mantle (i.e., D1 minus twice the mantle thickness), D3 – diameter of the central 
area, RW – width of the rimoportula, RL – length of the rimoportula, NC – number of costae, 
MFP – number of marginal fultoportulae, CFP – number of central fultoportulae.  

 
 
 

 

Fig. 2. Positions of landmarks 2 to 9 used for the geometric morphometric analyses 
shown on a valve from the “ambiguous” morph. Landmark 1, the midpoint of the valve is not 
shown here. Table 1 describes positioning of the landmarks. 
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Figs 3-10. Scanning electron micrographs of valves from Cyclotella meneghiniana 
cultures. Figs 3-5. Valve interiors. Figs 6-8. Valve exteriors over the size range. Figs 9-10, 
Detail of interior margins, showing rimoportulae (arrows) in an extremely small (Fig. 9) and a 
larger (Fig 10) valve. Scale bars represent 5 µm (Figs 3-8) and 1 µm (Figs 9, 10).  
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Figs 11-18. SEM images of valves of the “ambiguous” morph of Cyclotella 
scaldensis. Figs 11-13. Valve interiors. Figs 14-16. Valve exteriors over the size range. Fig. 
17. Interior margin showing rimoportula. Fig. 18. exterior margin showing process openings; 
RP opening is marked by an arrow. Scale bars represent 5 µm (Figs 11-16) and 1 µm (Figs 
17, 18).  

 



 

 42 

 

 

 

Figs 19-26. SEM images of valves of the “extreme” morph of Cyclotella scaldensis. 
Figs 19-21. Valve interiors. Figs 22-24. Valve exteriors over the size range. Fig. 25. Exterior 
margin, showing process openings; RP opening marked by an arrow. Fig. 26. Interior margin 
with RP and two neighbouring FPs. Scale bars represent 5 µm (Figs 19-24) and 2 µm (Figs 
25, 26).  
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Fig. 27. Scatter plot of number of costae (NC) against number of marginal 
fultoportulae (MFP). Group outliers are connected by lines. ( + = C. meneghiniana, . = 
“ambiguous” morph of C. scaldensis, o  = “extreme” morph of C. scaldensis. c = cultures, g = 
field samples from the River Geeste, s = field samples from the river Schelde).  

 
 
 

 

Fig 28. Scatter plot on the first two principal component axes of the conventional 
morphometric dataset. Group outliers are connected by lines. ( + = C. meneghiniana, . = 
“ambiguous”, o  = “extreme” morph of C. scaldensis. c = cultures, g = field samples from the 
River Geeste, s = field samples from the river Schelde).  Vector correlations of the original 
variables with the first two principal components are shown in the upper left hand corner. 
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Fig. 29. Reconstructed morphologies of some points in the plane of the first two 
principal component axes (data shown in Fig 28). Group outliers of the three morphs are 
shown.  Morphologies were “reconstructed” by projecting PCA scores back into the 
coordinate system of the original variables and drawing diagrams based on the resulting 
values (see Materials and Methods for details). The diagrams are drawn at the same scale. The 
morphologies shown correspond to PCA scores (-4, 0), (0, -1), (0, 0.5), (0, 1.5), (2, 0), (2, 2), 
(4, 0), (4, 2) and (6, -2).  
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Figs 30. Canonical variate analysis of the conventional morphometric dataset. 
Canonical variate scores calculated by grouping the specimens according to morph. ( + = C. 
meneghiniana, . = “ambiguous”, o  = “extreme” morph of C. scaldensis; c = cultures, g = field 
samples from the River Geeste, s = field samples from the river Schelde). Group outliers  are 
connected by lines. Vector correlations of the canonical variates with the eight original 
variables are shown in the upper right hand corner. 

 
 

 

Fig. 31. Relative warps analysis with α=-1, small scale differences weighted more than 
global ones. Scores of specimens on the first two relative warp axes. Group outliers are 
connected by lines. ( + = C. meneghiniana, . = “ambiguous”, o  = “extreme” morph of C. 
scaldensis; c = cultures, g = field samples from the River Geeste, s = field samples from the 
river Schelde).  
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Fig 32. Landmark configurations corresponding to some points of Fig. 31 depicted as 
deformations from the mean configuration (the origin of the coordinate system in Fig. 31). 
Fig. 32A corresponds to the point (0, 0.5) of the coordinate system, Fig. 32B to (-0.5,0), Fig. 
32C to (0.5,0), and Fig 32D to (0,-0.5). The points connected by thick lines represent the 
landmark points shown in Fig. 2 but the diagrams are rotated approximately 90o anti-
clockwise compared to Fig. 2. 

 

 

Fig. 33. Patterns of allometric valve shape change in the three morphs with size as 
calculated from a linear regression of the partial warp scores on the logarithm of valve 
diameter. Landmarks (see Fig. 2 to link them to the anatomic features of the valve interior) 
are connected by thick lines but the diagrams are rotated approximately 90o anti-clockwise 
compared to Fig. 2. The landmark configurations predicted by the regression for three 
different diameters (D1 = 8, 16 and 24 µm, respectively) in the three morphs are shown in the 
columns and the different taxa by rows. Row 1 = Cyclotella meneghiniana, row 2 = 
“ambiguous” morph of C. scaldensis and row 3 = “extreme” morph of Cyclotella scaldensis. 
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2.4. Publication II: Ribosomal DNA sequence variation within and 
among clonal strains of the Cyclotella meneghiniana complex 
(Bacillariophyceae) from an estuarine locality 
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2.4.1. Abstract 
 

Cyclotella meneghiniana Kützing is one of the most commonly found and intensively 
studied freshwater diatom species. However, it is considered taxonomically problematic 
because of its unusually wide ecological range and large frustule ultrastructural variation. As 
part of a study to clarify patterns of morphological and genetic variation of this species, we 
surveyed nucleotide variation in the 18S and 5.8S rDNA, in the hypervariable D1/D2 regions 
of the 28S rDNA, and in the two ribosomal internal transcribed spacers (ITS) in a collection 
of twenty sympatric clonal cultures. Synthesis of these data with results of previously 
published morphometric analyses revealed that (1) a group of five strains were both 
morphologically and genetically distinct from C. meneghiniana (identified as C. cf. scaldensis 
Muylaert & Sabbe through the morphometric comparisons), and (2) that our group of C. 
meneghiniana strains contained four, morphologically indistinguishable, but genetically 
distinct lineages. The ITS sequences indicated that the latter were more likely cryptic sexual 
species than strictly clonal lineages. The presence of unrecognised diversity within C. 
meneghiniana is probably an important part of the explanation of its wide range of ecological 
and morphological variation. 
 

Keywords: clonality, Cyclotella meneghiniana, microdiversity, rDNA, species 
boundaries 
 

2.4.2. Introduction 
 

Cyclotella meneghiniana Kützing is one of the most commonly recorded freshwater-
brackish diatom species (Finlay et al. 2002) and is among the most extensively studied model 
species of them as well. Several studies have been published concerning its life cycle 
(Håkansson and Chepurnov 1999; Iyengar and Subrahmanyan 1944; Meyer et al. 2001; Rao 
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1970; Rao 1971; Rao 1996; Schultz and Trainor 1968). Furthermore, it has been the subject of 
a number of experimental physiological (El-Bestawy et al. 1996; Millie and Hersh 1987; 
Rosen and Lowe 1984), biochemical (Lohr and Wilhelm 2001; Louda et al. 2002) and 
molecular (Büchel 2003) investigations as a model diatom species. 

However, the taxonomy of C. meneghiniana is still problematic. It shows extreme 
variability in frustule morphology when compared to closely related taxa (Håkansson and 
Chepurnov 1999; Schoeman and Archibald 1980). Also, it is found in an unusually wide 
variety of habitat types, ranging from oligotrophic lakes to strongly polluted waters and ones 
with elevated salinities, including brackish parts of estuaries (Håkansson 2002). Third, a study 
of chloroplast DNA restriction fragment length polymorphism revealed (1) a much greater 
genetic variation within C. meneghiniana than within closely related species, and (2) the 
paraphyly of C. meneghiniana with respect to C. cryptica (Bourne 1992).  

Based on these facts, and considering Mann´s (1999) notion that species boundaries in 
diatoms in general are rather poorly understood, the question arises whether C. meneghiniana 
really is a single species. Alternatively, an explanation of its comparatively large 
morphological and genetic variation and wide ecological range might be that it consists of 
multiple species, each of them morphologically, genetically and ecologically more narrowly 
defined. Species identification is critical for e.g. water quality monitoring and 
palaeoenvironmental reconstructions  (Stoermer and Smol 1999; Whitton and Rott 1996), but 
also for general physiological, biochemical and molecular biological studies. Therefore, the 
question of species boundaries is of special importance in diatom taxonomy.  

Aiming at resolving the taxonomy of C. meneghiniana, we established a collection of 
twenty sympatric clonal cultures from what was originally believed to be a single population 
of this species for morphometric and molecular genetic characterization. Here we present the 
results of our survey of nuclear ribosomal DNA variation within and among these twenty 
cultures. Morphometric analyses (Beszteri et al. 2005) revealed that five of the twenty 
cultures isolated for this study showed a size reduction series distinct from C. meneghiniana. 
We referred to these cultures as the “ambiguous” C. scaldensis morph in Beszteri et al. (2005) 
and will do so throughout this paper as well. Our aims were (1) to assess whether the rDNA 
sequences could further support that this “ambiguous” C. scaldensis morph is not conspecific 
with C. meneghiniana; (2) to assess whether patterns of rDNA sequence variation within and 
among the C. meneghiniana strains are consistent with expectations for a single, randomly 
mating population; (3) if they are not, can they reveal whether the “population” is strictly 
clonal or is it rather a complex of distinct sexually reproducing species. 

We sequenced different parts of the ribosomal operon to answer these questions and to 
identify which rDNA region could be the most useful for more extensive surveys. As this 
gene is also used as species-level marker in molecular identification of microorganisms 
(Medlin et al. 1991; Simon et al. 1997; Simon et al. 2000), we also sequenced the complete 
18S rRNA gene from several strains. 

 

2.4.3. Methods 
 

Cultures. Sample origins, the isolation of cells into cultures and culture conditions 
have been described elsewhere (Beszteri et al. 2005). The twenty cultures (listed in Table 1) 
were isolated from samples taken from the Geeste estuary (Northern Germany) on a single 
day. Already published scanning electron microscopic (SEM) observations and morphometric 
comparisons with field material (Beszteri et al. 2005) identified five of these cultures as 
belonging to a morphotype of the closely related morphospecies C. scaldensis that was 
morphologically distinct from C. meneghiniana (“ambiguous” C. scaldensis). The other 
fifteen cultures could unambiguously be identified as C. meneghiniana in the SEM. Images of 
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the cultures and additional information have been made available in the AlgaTerra 
Information System (www.algaterra.org). 

DNA methods. Liquid cultures were harvested by filtration and DNA was extracted 
using a modified CTAB method (Doyle and Doyle 1990). Amplification and sequencing 
primers for the 18S rDNA were based on Medlin et al. (1988) and Elwood et al. (1985); for 
the D1 and D2 regions of the 28S rDNA, on Scholin et al. (1994), and for the ITS regions, on 
White et al. (1990). PCR products were purified with the QIAQuick PCR Product Purification 
Kit (QIAGEN, Germany) and directly sequenced on both strands. The 18S rDNA PCR 
products were sequenced with the Long Read Kit (Biozym, Hessisch Oldendorf, Germany). 
Sequencing products were electrophoresed on a LICOR 4000L sequencer (MWG, Ebersberg, 
Germany). The D1/D2 regions of the 28S rDNA and the ITS regions were sequenced using 
Big Dye Terminator v3.1 sequencing chemistry (Applied Biosystems, CA, USA); sequencing 
products were electrophoresed on an ABI 3100 Avant sequencer (Applied Biosystems, CA, 
USA). Whereas the 18S and partial 28S rDNA PCR products could be sequenced directly, the 
ITS regions had to be cloned. For this, PCR products were ligated into pCR2.1 vectors and 
cloned following the manufacturer’s instruction with the TA Cloning Kit (Invitrogen, 
Germany). Three to seven clones were sequenced from ITS PCR products containing the 
ITS1 and 2 regions and the 5.8S rRNA gene from each of 13 cultures.  

Sequence assembly and analyses. Sequences exported from corrected 
electropherograms were assembled using DNASYS (Pharmacia, Germany) in the case of the 
18S rDNA sequences. The partial LSU sequences were analysed using SeqScape 2.1 (Applied 
Biosystems, CA, USA) using the following settings. For base calling, the KB basecaller was 
used; for the detection of ambiguous positions (within-strain polymorphisms), the lower limit 
of calling an ambiguity was set at 30 % (i.e., an ambiguous base was called if a smaller peak 
with at least 30 % the signal intensity of the major peak was detected). After autoanalysis, 
each polymorphic position was checked manually in all electropherograms, and at last, all 
singleton mutations and ambiguous positions were re-checked. Sequences of the ITS regions 
were more variable so that they could not be processed similarly, thus they were assembled 
one by one using SeqMan (Lasergene package, DnaStar, Madison, WI, USA) and aligned 
with each other and closely related ITS sequences available from GenBank (acc. numbers 
U3073-U3077) using ClustalX (Thompson et al. 1997). 

After checking basecalling, sequences of rDNA variants were reconstructed from the 
partial 28S rDNA sequences containing ambiguities following Clark (1990). In sequences 
available from GenBank, boundaries of different functional regions of the ribosomal operon 
are assigned in a variety of ways. For our sequences, we accepted the assignments in the 
sequence that is the closest relative of those determined here, sequenced from a C. 
meneghiniana culture by Zechman et al. (1994) (accession nr. U03073).  

Basic statistics for characterizing levels of within-strain and within-morphotype ITS 
sequence variation were calculated using MEGA version 2.1 (Kumar et al. 2001). 
Phylogenetic analyses were performed using PAUP* 4.0b10 (Swofford 1998). For maximum 
likelihood (ML) and distance based tree calculations, models of nucleotide substitution were 
compared using Akaike Information Criterion (AIC) scores calculated on a neighbour joining 
tree as implemented in Modeltest 3.0 (Posada 1998). The model thus chosen was used for 
phylogenetic analyses using ML and neighbour joining (NJ) tree calculation with ML 
distances. Maximum parsimony (MP) trees were obtained in heuristic searches, with 10 
random taxa addition sequences. Bootstrap analyses (NJ with ML distances and MP) were 
performed in 1000 replicates.  

The hypothesis of purely clonal reproduction within C. meneghiniana was tested by an 
analysis of molecular variance (AMOVA, Excoffier et al. 1992 ) of the ITS data using 
Arlequin v. 2.000 (http://anthro.unige.ch/arlequin).  
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The dataset of the sequences of the ITS regions was explored for traces of 
recombination with the method of phylogenetic correlation as implemented in the program 
PhylPro (Weiller 1998). Bootscanning analysis (Salminen et al. 1995) was performed with 
selected candidate sequences using the program SimPlot version 2.5 (Lole et al. 1999) to 
identify potential parents of candidate recombinants and putative recombination sites. 
Because SimPlot cannot handle more than 26 sequences, besides candidate recombinant 
sequences, only one representative from each well-supported and stable clade was included in 
these analyses. Bootscanning was performed with a variety of window sizes between 100 and 
250 bases, with a step size of 20 nucleotides. NJ trees were calculated with Kimura two-
parameter distance corrections with a transition-transversion ratio of 2.0 and bootstrapped in 
100 replicates. Candidate sequences were subsequently bootscanned against their putative 
nonrecombinant parent sequences and a fourth (“outgroup”) sequence to use the Find Sites 
feature of SimPlot to identify putative recombination points.  

Secondary structure model of the 18S rRNA was based on published diatom SSU 
secondary structures: The European Ribosomal RNA Database, 
http://oberon.fvms.ugent.be:8080/rRNA/index.html; The Comparative RNA Website, 
http://www.rna.icmb.utexas.edu/, and Medlin et al. (1996). For hypervariable loops, 
thermodynamical folding predicted using the mfold server with default parameters 
(http://www.bioinfo.rpi.edu/applications/mfold/, Zuker 2003 ) was used as a guideline.  

 
 

2.4.4. Results 
 

2.4.4.1. 28S rDNA 
 

Tables 1 and 2 summarize information about the partial 28S rDNA data set. As no 
within-strain insertion-deletion polymorphisms were encountered, our approach to deal with 
intragenomic variation in this sequence region was to identify double peaks in 
electropherograms based on two criteria: relative peak height and sequencing noise in the 
neighborhood of the position concerned. Positions thus assigned ambiguous with a high 
confidence were marked by ambiguity codes, and sequences of the rDNA variants which 
probably occurred in the PCR product concerned, were inferred based on the algorithm of 
Clark (1990). Ten of the 13 unique sequences obtained contained 0 or 1 ambiguous position, 
thus variants present in these sequences could unambiguously be resolved. The remaining 
three sequences contained three (two strains), four, and 22 (both found in single strains) 
ambiguous positions. These could also be resolved into two variants each, with at least one of 
them identical to an already unambiguously resolved one (Table 1). 

 
The two morphs (morphospecies). The two morphs (C. meneghiniana vs. the 

“ambiguous” C. scaldensis morph) differed markedly in their partial 28S rDNA sequences. 
Four different sequence variants (designated amb1 – amb4, Table 1) were found in the five 
strains of the “ambiguous” C. scaldensis morph (Fig. 1). The rest of the variants (designated 
A1 to D2) were found in the fifteen C. meneghiniana cultures. Thus, no variants were shared 
by the two morphs. Moreover, pairwise differences between sequences belonging to different 
morphs (C. meneghiniana vs. the “ambiguous” C. scaldensis morph) ranged from 36 to 45 
nucleotides (Fig. 1), of which 25 differences were fixed between the two morphs.  
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Within C. meneghiniana. Four further distinct groups of 28S rDNA variants were 
found in the C. meneghiniana strains. The distribution of the pairwise distances showed a 
bimodal distribution with two distinct peaks (not shown): the number of substitutional 
differences between pairs of variants was either smaller than four or larger than 15 (Fig. 1). 
Based on this observation, variants differing from each other in less than four positions were 
grouped together. The resulting four distinct rDNA groups were designated A to D in Table 1.  

Within-strain sequence variation was much lower than overall (within-“population”) 
variation in C. meneghiniana. With the exception of one strain, only variants belonging to the 
same group were found in every C. meneghiniana strain (Table 1, Fig. 1). The exception was 
strain G184, with two variants (A1 and D1, Table 1) differing in 22 positions. Thus, to 
simplify following discussions, we will refer to groups of strains by the alphabetic code 
assigned to their 28S rDNA variants (see Table 1). Groups A to C included at least two strains 
each, whereas the single strain with exclusively D 28S rDNA variants formed group D, and 
the above mentioned mixed genotype (A plus D) strain formed group AD.  

Phylogenetic analyses could not resolve the relationships of these groups of alleles in 
detail; the only relationship with bootstrap support > 50 % was the grouping of type C with D 
(Fig. 2). 

  

2.4.4.2. ITS1, 5.8S rDNA and ITS2 
 

 

Direct sequencing of the ITS regions (including ITS1, the 5.8S rDNA and ITS2) 
proved problematic, sequences were not readable because of within-strain length 
polymorphisms. Therefore, PCR products were cloned for sequencing. 13 strains were 
selected for this so that at least two strains from each 28S rDNA group (which contained more 
than one strain) were included. Three to seven clones were sequenced from each of these 13 
strains (altogether 63 clones). Information about the ITS data set is summarized in Tables 1 
and 2. Among the 63 sequences, 46 different variants were found, which were designated h0 
to h45 (Table 1). Their alignment was 982 bps long. Within each strain, two to five different 
variants were found among the three to seven clones sequenced (Table 1). 

 
The two morphs (morphospecies). The two morphs were also distinct in their ITS 

sequences. 40 of the 46 variants were obtained from C. meneghiniana cultures, whereas the 
remaining 6 variants came from the “ambiguous” C. scaldensis morph (Table 1). Thus, 
similarly to the 28S rDNA data set, no ITS variant was shared between the two morphs. Fixed 
differences between sequences from the two morphs included five large insertions in the ITS1 
sequences from the “ambiguous” C. scaldensis morph (responsible for length differences of ~ 
200 bps, Table 2), and 43 fixed mutational differences.  

 
Within C. meneghiniana. Five distinct groups of ITS variants were found in the C. 

meneghiniana strains, as illustrated by the phylogenetic trees (Figs 2, 3). Three of the well 
separated clades recovered in the phylogenetic analyses corresponded to groups of strains 
defined above based on their partial 28S rDNA sequences (groups A, B and D in Figs 2, 3). 
Remarkably, two divergent ITS types (marked C1 and C2 in Figs 2, 3) were obtained from the 
strains of group C. Furthermore, strain G184 (in which two divergent 28S rDNA types - A 
and D - were found) also had two divergent ITS types, one (ITS variants h22, h24, h29 and 
h32) grouping together with group A, and one (h37) grouping with group D ITS sequences 
(marked in bold in Fig. 3). Sequence of one of the clones from strain G184 was identical to 
those of five other clones sequenced from cultures from group A (variant h22). ITS variants 
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were shared by more than one strain also in three further cases (Table 1 and Fig. 3). Strains 
with identical ITS alleles were in each case members of a single 28S rDNA group (h15 – 
group B, h22 – group A, and h44 – group E, i.e., the “ambiguous” C. scaldensis morph). 

Two of the ITS variants proved likely recombinants. Analyses of phylogenetic profiles 
of the ITS data set revealed that ITS variants h32 and h33 showed particularly low 
phylogenetic correlations in at least one region (Fig. 4). Bootscanning and comparisons of 
fragments of these sequences with others in the data set revealed that the first 263 bases of 
h32 differed only in a single substitution from the same region of several group D sequences 
(h11, h12, h37 and h39), whereas from position 286 on, it was identical to group A sequences 
(h1 and h2). Thus, h32 was identified as the likely result of a recombination event between a 
group D and a group A ITS variant. Whereas neither of the putative parent sequences of h32 
were sampled from the same strain (G184) as h32, ITS variants very similar to these putative 
parents were (h37 – group D, and h22, h24 and h29 – group A). 

The other putative recombinant sequence, h33, showed traces of two recombination 
events (this is also illustrated by the two marked drops in its phylogenetic profile, see Fig. 4). 
The first 448 bases of this sequence differed only in a single substitution from group C2 
variants (h34 and h36), and, from position 833 on, it was identical to variant h36 (group C2). 
However, between positions 640 and 767, it differed only in a single substitution from group 
C1 sequences (variants h9 and h10). Thus, one of the putative parent sequences of h33 (h36) 
was sampled from the same strain (G183K) as h33, whereas the other two putative parent 
variants were not found in our data set. However, variants very similar to these putative 
parents were found in the same strain as well (h36 – group C2, and h8 – group C1).  

These recombinants were grouped at the base of the clades with which they shared the 
most parsimony informative sites when included in phylogenetic analyses (h32 appeared at 
the base of clade A, h33 at the base of clade C2), but they were excluded from the analyses 
presented (Figs 2, 3) because they violate the assumptions of phylogenetic inference methods 
used. The best models inferred by Modeltest for data sets including these sequences were 
indeed much more complex than those obtained when excluding these likely recombinants 
(not shown). 

Regions with weaker, but also marked drops in the phylogenetic correlations could 
also be seen in the remaining sequences of group C2 (h34, h35 and h36; Fig. 4). Bootscanning 
analysis was performed with these sequences as well, in order to identify variants that might 
have given rise to them through recombination. However, the results revealed that informative 
sites supporting different affiliations (with groups B, D and with the “ambiguous” morph of 
C. scaldensis) were intermixed in these sequences (not shown). Therefore, we could not arrive 
at an unequivocal conclusion concerning their recombinant origin nor could we identify 
sequences most likely involved in recombinations resulting in these sequences.  

Results of an AMOVA (Table 3) show that total ITS variation in our sample could be 
partitioned into significant within-strain and among-group covariance components, whereas 
the among-strains, within-groups component was not significant. This held independently of 
the inclusion of strain G184 (Table 3 shows the results obtained with G184 included). 

Phylogenetic analyses could resolve the relationships of the ITS types when no 
outgroup sequences were included better than in the case of the partial 28S rDNA data set. 
However, rooting of the tree with available Stephanodiscus ITS sequences proved 
problematic because of the relatively large divergence between the in- and outgroup 
sequences (uncorrected p-distances > 0.3). In the analyses without outgroups, the topology 
shown in Fig. 2 was obtained. Altogether, both the relative branch lengths and the topology 
were very similar in the analyses of the two data sets (ITS and partial 28S rDNA); the 
topology was better resolved in the ITS analyses. The most conspicuous difference between 
the two trees was the presence of the two divergent C types in the ITS tree. When group C2 is 
removed, the only difference remains the better resolution of among-groups relationships of 



 

 53 

the ITS analyses. ITS type C2 was (1) only distantly related to the other group of variants 
obtained from the same group of strains (type C1), (2) showed a divergence from all other C. 
meneghiniana sequences comparable to the ITS variants from the “ambiguous” C. scaldensis 
morph (see relative branch lengths in Fig. 2).  

For rooting the ITS trees, an alignment with published Stephanodiscus ITS sequences 
was prepared using ClustalX, and all regions which could not unambiguously be aligned were 
removed manually. The resulting alignment had 530 bps. In phylogenetic analyses of this 
alignment, the rooting of the ingroup tree remained ambiguous (trees not shown). Whereas all 
analyses rejected a root position within the group (A, (C1, D)), practically no other possible 
root positions were excluded by these calculations.  

The only C. meneghiniana ITS region sequence available from Genbank at the time of 
our study (Genbank acc. U3073) was also included in these rooting trials. Remarkably, it was 
more distant from our ingroup (including the “ambiguous” C. scaldensis sequences, 
uncorrected p-distances > 0.3; distances with Jukes-Cantor correction > 0.4) than from the 
Stephanodiscus sequences (U3074 – U3077; uncorrected p-distances < 0.3; distances with 
Jukes-Cantor correction < 0.4); in phylogenetic analyses, it occupied a distinct position 
outside both the Stephanodiscus and remaining Cyclotella clades (not shown). 

  

2.4.4.3. 18S rDNA 
 
The complete 18S rDNA was sequenced from eight selected strains (Table 1, Fig 5). 

The two morphs were also distinct in their 18S rDNA sequences: the two sequences obtained 
from the “ambiguous” C. scaldensis morph were identical, while displaying four fixed 
differences from those obtained from the six C. meneghiniana strains. Among these four fixed 
differences, two formed a pair of compensatory base changes in loop E10/1 (Figs 5A, 6). The 
differences observed among the C. meneghiniana strains included no such paired 
substitutions. The two sequences obtained from single 28S rDNA groups (groups A and B of 
C. meneghiniana) differed in one substitution, whereas the differences between 18S rDNA 
sequences from different groups ranged from 1 to 11 (Fig. 5). 

 

2.4.5. Discussion 
 

2.4.5.1. The morphs (morphospecies) 
 

Morphometric analyses (Beszteri et al. 2005) showed that (1) five of the strains 
studied here (referred to as the “ambiguous” C. scaldensis morph) were distinctly different 
from the rest of strains morphologically, and that (2) the two morphs also remained 
morphologically distinct in sympatry in field samples. This was considered a strong indication 
that they constituted two distinct reproductively isolated groups (biological species). The 
rDNA sequence data obtained here further reinforced this view: the two morphs were distinct 
in all of the rDNA regions sampled. No rDNA variants were shared between the morphs. 
Furthermore, rDNA variants from one of the morphs were more similar to each other than to 
any of those sequenced from the other morph. Several fixed differences were found between 
cultures of the two morphs (i.e., the “ambiguous” C. scaldensis morph always formed a 
monophyletic group), including five large insertion-deletions in the ITS1 and a pair of 
compensatory base changes in the most conserved of the regions studied, the 18S rDNA. Pairs 
of complementary base differences in the much more variable ITS regions have been shown 
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to correlate with mating incompatibility in Volvocales green algae (Coleman 2000). In the 
18S rDNA, such differences were also used to separate two species of the marine diatom 
genus Skeletonema (Medlin 1997).  

 

2.4.5.2. C. meneghiniana – clonality or cryptic species? 
 

 The typical diplontic life cycle of diatoms consists of predominantly clonal 
reproduction, mostly accompanied by a characteristic cell size reduction. Size regeneration – 
auxosporulation – is tightly coupled to sexual reproduction in many species (Edlund and 
Stoermer 1997). However, despite the commonality of this basic plan, diatoms have a range 
of life cycles comparable to bacteria (Drebes 1977), often making the interpretation of 
“around the species level” phenotypic and genetic variation difficult. Centric diatoms, where 
the algae studied here are classified, are generally oogamous. However, some species seem to 
have abandoned allogamy, as indicated by the failure to observe it (Drebes 1977). Data 
available about C. meneghiniana are not fully conclusive in this respect. As gamete 
production and auxosporulation are easily induced in cultures of this species (Schultz and 
Trainor 1970), several reports about them have been published (Rao 1971; Schultz and 
Trainor 1968). It is thus well known that C. meneghiniana is monoecious, i.e., a single clonal 
culture is capable of both sperm and egg cell production, in a size-dependent ratio (Rao 
1996). However, in spite of the several culture studies of these events, fertilization has never 
been observed, with the exception of self-fertilization of the oogonia (Drebes 1977; 
Håkansson and Chepurnov 1999; Iyengar and Subrahmanyan 1944).  

As species concepts that are based on the idea of cohesion within a species though 
gene flow are not applicable to strictly clonal organisms, this has important implications to 
studies of species limits. Moreover, “effective clonality” has been observed in bacteria 
(Maynard Smith et al. 1993) as well as in several of the well studied pathogenic protists, 
despite their ability to reproduce sexually (Tibayrenc and Ayala 1991; Tibayrenc and Ayala 
2002; Tibayrenc et al. 1991). Thus, the possibility of clonality should be considered when 
approaching “intraspecific” variation even in the case of protists where sexuality has been 
observed. Here, we try to use the rDNA sequence data obtained to distinguish three possible 
patterns of reproduction within our C. meneghiniana “population”: panmixia, strict clonality 
(or strict autogamy, or “effective clonality”, as these cannot be distinguished by using 
molecular genetic data), and the presence of more than one, sexually reproducing, but 
reproductively isolated groups (gamodemes, cryptic species).  

These different reproductive patterns are expected to result in different patterns of 
genetic variation: 

 
(1) Panmixia: gene flow is expected to regularly redistribute genetic variation among 

individuals. Gene variants occuring in a single strain thus represent a random sample from the 
pool of variants present in the population, i.e., the amount of within-strain genetic variation is 
expected to be statistically comparable with within-population variation. Furthermore, in the 
case of rDNA sequences subject to concerted evolution (Li 1997), intragenomic 
homogenization reduces the variation present in the whole population, leading to an 
expectation of low within-population rDNA sequence variability.  

(2) Cryptic sexual species: the “population” sampled in fact consists of several 
independent populations (groups of interbreeding organisms). In the lack of gene flow among 
them, these are expected to diverge with time from each other genetically. However, sexuality 
within these “cryptic populations” is expected to result in low genetic variation within them 
and a comparable amount of within-strain variation, as described above (Tibayrenc and Ayala 
2002). 
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(3) Clonality: there is no exchange of genetic information among individuals, each of 
them is “reproductively isolated” from every other. Accumulation of mutations occuring 
independently in the clonal lineages is expected to lead to an amount of within-“population” 
genetic variation exceeding intraclonal variation (similarly to the case where cryptic species 
are involved). However, in contrast to the presence of cryptic sexual populations, no group of 
individuals shares their gene pool – in any arbitrary group of individuals, intraindividual 
genetic variation is not a random sample from the within-group genetic variation but only 
represents a subset of the latter. If polymorphisms have accumulated in the region studied, 
this leads to an expectation that genetic variation within a random sample of individuals is 
larger than variation present within the individuals themselves.  

 
According to these expectations, the data obtained from each of the rDNA regions 

sequenced strongly indicated that the C. meneghiniana “population” from which we sampled 
was not a panmictic population: the amount of within-“population” variation strongly 
exceeded within-strain variation in all regions. Variants found in any of the regions were not a 
random sample from the overall pool of variants found. 

However, the hypotheses of strict clonality vs. the presence of more biological species 
are not so easily distinguished solely using the data we obtained. Unfortunately, the resolution 
of the markers used limited our ability to test the hypothesis of within-group panmixia 
(variation within the four distinct groups detected was limited even in the most variable ITS 
regions). An AMOVA indicated that ITS variation was evenly distributed among the strains 
of the individual groups, i.e., this test provided no evidence against the null hypothesis of 
panmixia within the cryptic groups. In any case, the result of this test should be interpreted 
more as an indication than as strong evidence because of the above mentioned limited 
resolution; however, to date, these are the only data available to test these possibilities. 

Strain G184 was exceptional in our sample in that it had divergent 28S rDNA and ITS 
region types (types A and D). One possibility explaining this result could be that, in spite of 
caution taken to isolate single cells several times when establishing the cultures, this culture 
was not actually clonal. Alternatively, it might be the offspring of a hybrid of group A and 
group D strains. Unfortunately, we could not test the former possibility by re-isolating single 
cells from the culture. However, the important conclusions (i.e., evidence both against 
panmixia and strict clonality) held independently of the inclusion of this strain in the analyses. 

The remaining C. meneghiniana strains were characterized by four distinct groups of 
28S rDNA and ITS region variants. According to the above arguments, these most probably 
represent four distinct gamodemes (biological species). The presence of morphologically not 
recognized species within C. meneghiniana could also explain Bourne´s (1992) finding, that 
plastid DNA RFLPs of this morphospecies showed a comparatively large variation and 
paraphyly with respect to C. cryptica. Diatom morphospecies have in several cases turned out 
to be complexes of more than one reproductively isolated groups (biological species), most 
commonly in mating experiments – see Mann´s (1999) review for examples – and, in recent 
years, in molecular genetic surveys similar to ours (Lundholm et al. 2003; Lundholm et al. 
2003; Medlin et al. 1991; Orsini et al. 2004; Orsini et al. 2004; Sarno et al. 2005). The 
situation is similar in other eukaryotic microbes with inorganic outer shells providing a 
number of taxonomic characters (De Vargas et al. 1999; Montresor et al. 2003; Saez et al. 
2003). In some of these cases, minor morphological features distinguishing the previously 
unrecognized species could be found; in others, morphology on its own proved insufficient 
for their differentiation.  
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2.4.5.3. Frustule morphology 
 

With the strains studied here, morphometric comparisons showed that the principal 
morphological difference among cultures with different rDNA types was in their size 
distribution. We mapped rDNA group memberships onto a principal component analysis 
(PCA) plot of the conventional morphometric data used in Beszteri et al. (2005) to illustrate 
the morphometric differences among the C. meneghiniana groups (Fig. 7). PC1 was strongly 
positively correlated with all the original variables (vector correlations ranged from 0.78 to 
0.99); i.e., PC1 can be considered as an overall size-vector. Thus, this plot revealed that the 
main morphological differences among the rDNA groups were in their size distributions, as 
their largest separation was on PC1. Their scatter overlapped to an even larger extent in the 
plains of the other significant principal component axes (not shown), indicating that the 
frustule ultrastructural characters that were recorded by these morphometric variables could 
not differentiate between strains with different rDNA types.  

We cannot assume that the size ranges of our cultures were representative of the 
natural situation (sample sizes ranged from only one to eight per group), thus, it is quite 
possible that also their size ranges overlap to a larger extent than in our small sample. In any 
case, the morphometric data point out that the cultures with different rDNA types probably 
will not be distinguishable without overlap by the frustule ultrastructural features classically 
used for species identification in this diatom group, which were reflected by the eight 
morphometric variables recorded. We also did not find other minor morphological features 
distinguishing them in detailed scanning electron microscopic observations. 

A further complicating factor in the morphological identification of these groups 
might be the problem of frustule morphological plasticity: C. meneghiniana cultures have 
been shown to react with differential incorporation of silica in their frustules and frustule 
morphological differences to salinity differences of their medium (Tuchman et al. 1984). 
Furthermore, the closely related species C. cryptica has been shown to display extreme 
morphological plasticity: its frustules display the morphology considered characteristic of C. 
meneghiniana at low salinities (Schultz 1971). This indicates that “real” species boundaries 
might not be easily identified solely using morphology in this diatom group.  

 

2.4.5.4. Recombinant ITS sequences 
 

Traces of recombination events among ITS types implying past hybridization events 
between different rDNA groups have not been found in our sample. Two recombinant 
sequences could be identified with great confidence, both of which could be explained either 
as PCR artefacts or as the products of intragenomic recombination. A further group of 
sequences with possibly recombinant origin was pointed out by marked drops in their 
phylogenetic correlations (the group of ITS types marked C2, Fig. 4). However, we were 
unable to trace the origins of these sequences similarly to the above two probable 
recombinants. The pattern observed might either be explained by several recombination 
events, or by the occurrence of many homoplasious mutations.  

A further interesting feature of this group of sequences (ITS type C2) was that they 
were only remarkably distantly related to another group of ITS variants found in the same 
strains (group C1, Fig 2). Type C2 was situated on a spectacularly long branch in the 
phylogenetic trees, which can be an indication of its accelerated evolution (reduced selective 
pressure) in connection with pseudogene formation, a phenomenon sometimes encountered in 
rDNA studies (Álvarez and Wendel 2003). The apparent recombination signals might be 
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explained by an accumulation of homoplasious mutations in sequences from ITS group C2 
during this accelerated evolution. 

 

2.4.5.5. Implications for taxonomy of other diatoms 
 

 The above results raise several questions of general interest to the taxonomy of 
freshwater diatoms. As noted above, C. meneghiniana is among the most intensively studied 
freshwater diatom morphospecies. Molecular diversity studies of freshwater diatom species 
have hardly been made to date (De Bruin et al. 2004; Lewis et al. 1997; Soudek Jr. and 
Robinson 1983). However, based on results with marine diatoms and other protists (see above 
references), we can expect to meet several morphospecies that turn out to be composed of 
more than one reproductively isolated entities. Molecular genetic methods seem to provide 
diatom taxonomy with a means to more efficiently reveal such cryptic diversity than the 
classical mating experiments: they can be applied in a wider range of taxa, a larger number of 
strains can be screened in less time, and the effects of potential changes in reproductive 
behaviour caused by cultivation are excluded. In the case of C. meneghiniana, we are further 
investigating the amount of molecular genetic diversity on a larger geographic scale to 
provide more detailed information on a model species of freshwater diatomologists, with the 
aim to contribute to a better understanding of whether the presence of cryptic diversity 
contributes to the extreme morphological and ecological spectrum of this morphospecies.  
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2.4.7. Tables 
 

Table 1. List of strains. Group: amb – “ambiguous” C. scaldensis morph, Cm – C. meneghiniana; strains of the latter morphospecies are also 
grouped according to their 28S rDNA genotypes (shown in the fourth column). Acc. 28S – Genbank accession numbers of the partial 28S rDNA 
sequences. AP 28S – number of ambiguous positions in the partial 28S rDNA sequences. 28S variants – letter codes of the 28S rDNA variants 
obtained from the strain. Acc. 18S – Genbank accession numbers of the 18S rDNA sequences (n.s. – not sequenced). ITS variants – names of ITS 
variants obtained from the individual cultures (variants found in multiple clones from the same strain are listed multiply; n.s. – not sequenced; 
Genbank accession numbers of sequences of the ITS region are AY906776-AY906829 and AY911294-AY911302). Variants identified as probable 
recombinants are marked by asterisks.  

 

Strain name  Group  Acc. 28S  Amb.pos. 28S  28S variants      Acc. 18S   ITS variants 

G18W53 amb  AY496201    0  E1  AY496208  h42, h42, h44 

G8W8  amb  AY496200   1  E1, E2        n.s.               n.s. 

G18W42 amb  AY496198   3  E1, E3        n.s.   h40, h41, h43, h43, h44, h45 

G18W44 amb  AY496199   3  E1, E3        n.s.         n.s. 

G1W11 amb  AY496188   4  E1, E4  AY496209        n.s. 

G16W1 Cm / A AY496202   0  A1        n.s.   h0, h3, h23, h25 

G17W8 Cm / A AY496204   0  A1  AY496213        n.s. 

G182  Cm / A AJ878468   0  A1        n.s.         n.s. 

G183N  Cm / A AY496203   0  A1        n.s.   h1, h2, h2, h22, h22, h22 
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G8W5  Cm / A AY496205   2  A1, A2        n.s.   h21, h22, h22 

G8W9  Cm / A AY496190   0  A2        n.s.         n.s. 

G8W6  Cm / A AJ878470   1  A2, A3        n.s.   h5, h26, h27, h28, h31 

G8W4  Cm / A AY496189   1  A2, A4  AY496212  h4, h6, h7, h30 

G184  Cm / AD AJ878469   22  A1, D1        n.s.   h22, h24, h29, h29, h32*, h37, h37 

G17W3 Cm / B  AY496196   0  B  AY496210  h13, h15, h17, h19 

G8W7  Cm / B  AY496195   0  B  AY496211  h14, h15, h16, h18, h20 

G183K  Cm / C  AY496193   0  C        n.s.   h8, h33*, h33*, h35, h36 

G188C  Cm / C  AY496192   0  C        n.s.         n.s. 

G188D  Cm / C  AY496191   0  C  AY496207  h9, h10, h34, h34 

G18W41 Cm / D AY496194   1  D1, D2  AY496206  h11, h12, h12, h12, h38, h39, h39 
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Table 2. Overview of the three data sets obtained. Cm – C. meneghiniana, Amb – the “ambiguous” C. scaldensis morph. In the case of the 
ITS regions, insertion-deletion polymorphisms were excluded from counting variable positions; the other data sets contained no indels. * - the 
number of polymorphic positions within a strain in the partial 28S rDNA data set ranged from zero to two, with the exception of strain G184, where 
there were 22 of them. ** - number of variable positions in the ITS regions were below ten, with the exceptions of strains G184 (group A and D 
types, 80 variable positions), G183K (type C1 and C2, 135 variable positions) and G188D (type C1 and C2, 129 variable positions). 

 

 

      28S  ITS region      18S 

No. of strains sequenced   20  13       8 

Length of sequenced region (bps)  613  733 – 748 (Cm) / 957 – 958 (Amb)   1799 

No. of variants in Cm    8  40       6 

No. of variants in Amb   4  6       2 

Variable positions overall   70  256       16 

Variable pos. within strains, Cm  0-2, 22 * 0-10, 80-135**     0 

Variable pos. in Cm    43  218       12 

Variable pos. within strains, Amb  0-4  0-17       0 

Variable pos. in Amb    5  17       0 

Fixed substitutions (Cm vs. Amb)  25  43       4 
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Table 3. Results of an analysis of molecular variance AMOVA performed with ITS 
variants, grouped according to their 28S rDNA-based grouping (see Table 1, Fig. 1). 
Statistically significant (at p < 0.001) variance components are marked by asterisks. d.f., 
degrees of freedom 

 

Source of                      Sum of      Variance         Percentage 

 variation                 d.f.          squares     components       of variation 

Among groups           4       3476.147       81.53258               90.54* 

Among strains 

 within groups  7          68.023          0.36067                 0.40 

Within strains          44        358.990         8.15887                   9.06* 

 Total                     55       3903.161      90.05212 
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2.4.8. Figures 
 

Fig. 1. Number of pairwise nucleotide differences among the 28S rDNA variants. 
Table 1 lists in which cultures the individual variants were found. 

 

A1 A2 A3 A4 B C D1 D2 E1 E2 E3 E4
A1 -
A2 2 -
A3 3 1 -
A4 3 1 2 -

B 24 24 25 24 -
C 18 18 19 18 25 -

D1 22 22 23 22 26 16 -
D2 23 23 24 23 27 17 1 -

E1 36 36 37 36 42 39 43 44 -
E2 37 37 38 37 43 40 44 45 1 -
E3 36 36 37 36 42 39 43 44 3 4 -
E4 37 37 38 37 42 40 44 45 4 5 1 -

C. meneghiniana "ambiguous" C. scaldensis
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 Fig. 2. Phylogenetic trees of the partial 28S rDNA sequence variants (left) and of the groups 
of ITS types (right). The trees were calculated by bootstrapping the alignments in 1000 
replicates and constructing phylogenetic trees by the neighbour joining method using 
maximum likelihood distances. Model parameters were estimated using Modeltest; for the 
28S data set: base frequencies: A – 0.254, C – 0.199, G – 0.300; substitution rates: 0.43 (AC), 
2.40 (AG), 2.50 (AT), 0.46 (CG), 10.30 (CT), 1.00 (GT);  proportion of invariant sites: 0.702; 
and equal substitution rates among variant sites. For the ITS data set: equal base frequencies, 
substitution rates: 1.00 (AC), 3.34 (AG), 0.58 (AT), 0.58 (CG), 3.34 (CT), 1.00 (GT); 
proportion of invariant sites: 0.48, and no further among-site rate heterogeneity. All branches 
that were not recovered in at least 60 % of the bootstrap replicates were collapsed. Branch 
lengths on the topology thus obtained were estimated by maximum likelihood. Numbers 
above the branches are bootstrap values from the neighbour joining and from an unweighted 
maximum parsimony analyses. In the ITS tree, the group of variants from the “ambiguous” C. 
scaldensis morph (marked “amb”) is connected by dashed lines to the two alternative 
positions where it was grouped in different analyses. The tree shown was calculated from the 
full-length alignment of the ingroup sequences; arrows in this tree mark positions of the root 
suggested by analyses of the data set with outgroups included, but unambiguously aligned 
positions excluded. The arrow marked “NJ” shows the root position suggested by neighbor 
joining analyses with ML distances; the one marked “MP” shows the root position suggested 
by parsimony analyses. 
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Fig. 3. Unrooted neighbor joining phylogenetic tree of the variants of the ITS regions 
using maximum likelihood distances (for model parameters, see the legend of Fig. 2). Clades 
with bootstrap values below 60 % were collapsed and branch lengths were estimated on the 
topology thus obtained by maximum likelihood. Terminal nodes are variants h0 to h45; after 
each variant name, the ITS clones belonging to them are listed. Clone names consist of the 
strain name, followed by a number identifying the clone among those sequenced from the 
same culture; see also Table 1. G184 (clone names in bold) contained variants from both ITS 
types A and D. 
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Fig. 4. Phylogenetic profiles of the ITS variants. 40 comparisons were made in the 
length of the alignment. The x-axis represents variable alignment positions, the y-axis the 
correlation coefficient between the vectors of pairwise distances calculated from the 
alignment segment preceding and following the respective position (phylogenetic 
correlations). The three most marked drops in the phylogenetic correlations are caused by two 
sequences, h32 and h33; further signals can be seen in the sequences from group C2. 
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Fig. 5. A: Variable positions in the 18S rDNA sequences determined in this study. 
Fixed differences of the “ambiguous” C. scaldensis morph from the C. meneghiniana strains 
are highlighted in gray. The positions involved in the complementary base differences 
between the two morphs (Fig 6) are marked by asterisks. B: Pairwise number of nucleotide 
differences among the 18S rDNA sequences. Group: amb – “ambiguous” C. scaldensis, Cm – 
C. meneghiniana. For the C. meneghiniana strains, under “Group” the 28S rDNA group 
membership of the strains is also indicated (see Table 1). 

 
 

 

A 

 

 

B 

Strain Group G8W4 G17W8 G17W3 G8W7 G188D G18W41G18W53 G1W11
G8W4 Cm / A -
G17W8 Cm / A 1 -

G17W3 Cm / B 9 10 -
G8W7 Cm / B 10 11 1 -

G188D Cm / C 4 5 7 8 -

G18W41 Cm / D 5 6 6 7 1 -

G18W53 amb 10 11 9 10 8 9 -
G1W11 amb 10 11 9 10 8 9 0 -

Strain Morphotype 211* 215 222* 246 266 640 646 647 653 1025 1600 1678 1702 1705 1707 1768
G8W4 m A C U A U C C G U A A A G C C G

G17W8 m A C U A U C U G U A A A G C C G
G188D m A C U A C U C A U A A G G C C G
G17W3 m A U U U U U C A U G A G A U U G
G8W7 m A U U U U U C A U G A G A U U U

G18W41 m A C U A C U C A U A A G G C U G
18W53 a U U A A C C C A A G G G G U C G
G1W11 a U U A A C C C A A G G G G U C G

Position



 

 67

Fig. 6. Secondary structure of loop E10-1 of the 18S rRNA of C. meneghiniana, with 
the arrows showing a pair of fixed complementary base changes between C. meneghiniana 
and the “ambiguous” morph.  
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Fig. 7. Principal component analysis of eight morphometric variables measured on at 
least five frustules from each C. meneghiniana culture. All variables have large positive 
loadings on PC1, thus scatter of points on this axis mainly reflects size variation. The plot 
illustrates that the main morphological differences among the groups of strains with different 
rDNA genotypes were in their size distributions i.e., their largest separation is on PC1; the 
groups were not separated on any of the higher order (“size-independent”) principal 
component axes. 
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2.5.1. Abstract 
 
Our previous nuclear rDNA sequence analyses in a “population” of one of the most 

intensively studied freshwater diatom morphospecies, Cyclotella meneghiniana, revealed 
genetic variation incongruent with the expectation for a single panmictic population. The data 
suggested that this morphospecies probably consists of several, reproductively isolated sexual 
species, although strict clonality could also not be ruled out. Here, we extend this work in the 
following ways: (1) we screened a larger collection of strains, among them strains of C. 
meneghiniana with diverse geographic origins and strains of some closely related species; (2) 
we surveyed genetic variation in two different genomes of the strains: in the D1 / D2 regions 
of the nuclear encoded 28S rDNA and in a segment of the plastid encoded psaA gene; (3) to 
further test the hypotheses of cryptic sexual species vs. strict clonality, we performed AFLP 
analyses of a subsample of the strains belonging to one genotypic group and isolated from two 
closely situated localities. A strict association of nuclear rDNA and psaA variants was 
observed; the results suggested the presence of eight genetically distinct cryptic lineages 
within C. meneghiniana. The large phylogenetic incompatibility among loci in the AFLP data 
set contradicted the idea that sexual reproduction in this morphospecies would be so rare that 
it could not break down linkage among parts of the genome. Therefore, we suggest that C. 
meneghiniana is a complex of several, reproductively isolated, but morphologically (to date at 
least) indistinguishable taxa, cryptic species. 

2.5.2. Introduction 
 
In recent years, intraspecific comparative DNA sequencing studies have in many cases 

lead to discoveries of cryptic diversity (morphologically not distinguishable or at least not yet 
distinguished species) in different groups of eukaryotic microbes possessing inorganic shells 
(Scholin et al. 1994; De Vargas et al. 1999; Sáez et al. 2003). Diatoms (Bacillariophyceae) 
constitute the most morphologically feature rich group among microbial eukaryotes (Round et 
al. 1990). Still, surveys of nuclear ribosomal DNA sequence variation among multiple strains 
of a species have in several cases lead to such discoveries even in this group (Medlin et al. 
1991; Manhart et al. 1995; Lundholm et al. 2003). 

Cyclotella meneghiniana Kützing is a recent example of such cases (Beszteri et al. 
2005a). It is one of the most extensively studied model species of freshwater diatoms (Giri & 
Devi 1992; Bourne et al. 1992; Lohr & Wilhelm 2001; Tedrow et al. 2002; Büchel 2003). 
However, it has been considered taxonomically problematic based on several facts: (1) its 
large frustule morphological variability (Schoeman & Archibald 1980; Hakansson & 
Chepurnov 1999); (2) the unusually wide range of habitat types among which it occurs 
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(Hakansson 2002); (3) the extreme morphological plasticity observed in cultures of the 
closely related species C. cryptica (frustules of this species are capable of displaying the 
morphology considered characteristic of C. meneghiniana, Schultz 1971); (4) the large (much 
greater than in closely related species) variation and the paraphyly of  C. meneghiniana (with 
respect to C. cryptica) observed in a study of plastid genome RFLP variation (Bourne 1992). 
Furthermore, in our recent survey of rDNA sequence variation in a collection of strains from 
what was originally believed to be a single population of this species, large among-strain 
rDNA sequence variation was found, accompanied by much smaller within-strain variation 
(Beszteri et al. 2005a). Here, we are extending the results of this latter study in a number of 
ways to better understand the genetic diversity present in C. meneghiniana. 

First, we sampled a larger number of cultures here, representing most cultures of this 
species available at public culture collections and further strains isolated at a number of 
geographically diverse localities. We also included strains of closely related species, including 
the above mentioned C. cryptica, strains of which species are capable of producing valve 
morphologies characteristic of C. meneghiniana (Schultz 1971). 

Second, we sampled another, independent marker besides nuclear ribosomal DNA 
from these strains. The agreement of different sources of information is of crucial importance 
in studies of species limits (Mann 1999; Knowlton 2000). In diatom studies, rDNA sequence 
data are often accompanied by detailed morphological analyses, identifying fixed 
morphological characters between the groups revealed based on rDNA sequence data 
(Lundholm et al. 2003; Sarno et al. 2005). The number of strains included in rDNA surveys 
is, however, often relatively low and / or they cannot be considered morphologically 
representative of the whole natural variability and / or morphological or morphometric 
differences showing no overlap among the cryptic groups cannot be found (Beszteri et al. 
2005a). In such cases, surveying genetic variation at unlinked loci can yield independent data 
sets useful for testing the distinctness of “candidate species”. Thus, besides using a part of the 
rDNA operon, the variable D1 and D2 regions of the 28S rDNA, we extended our study to 
patterns of variation at the gene psaA, encoded in the plastid genome.  

Third, the pattern observed in the above “population” study of C. meneghiniana, i.e. 
large among-strain differences compared to within-strain variation (Beszteri et al. 2005a), can 
also be explained by a complete or close to complete lack of allogamous sexual reproduction 
– i.e., strict selfing or clonality – besides the presence of cryptic species. The two phenomena 
– cryptic species and clonality – lead to similar deviations from patterns of genetic variation 
expected from a panmictic population, e.g., a relative lack of heterozygosity and linkage 
between physically unlinked loci (Tibayrenc & Ayala 2002). This possibility is rarely tested 
in molecular studies aimed at the clarification of species boundaries in diatoms, although such 
effective clonality has been observed even in protists earlier known as obligate sexual species 
(Ajzenberg et al. 2002). Diatoms show a wide range of life cycles (Chepurnov et al. 2004), 
and in some species, including C. meneghiniana, allogamous sexual reproduction has never 
been observed in spite of the numerous studies about its life cycle (Iyengar & Subrahmanyan 
1944; Schultz & Trainor 1968; Rao 1970; Rao 1971; Drebes 1977; Rao 1996; Hakansson & 
Chepurnov 1999). Thus, the possibility that a lack of allogamous sexual reproduction is 
responsible for deviations of genetic variation patterns from panmictic expectations deserves 
experimental testing within this morphospecies. For this purpose, we generated amplified 
fragment length polymorphism (AFLP) fingerprints from a subset of strains, isolated from 
two, closely located populations and belonging to the same genotypic group based on their 
nuclear rDNA and psaA sequences. The hypothesis of strict clonality was tested using this 
data set, by exploring phylogenetic incompatibility among loci (Mes 1998). 
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2.5.3. Materials and methods 
 

2.5.3.1. Cultures 
 
Table 1. lists the cultures used and their origins. Cultures established and used in the 

course of this work were isolated and grown as described previously (Beszteri et al. 2005b). 
Cultures of Stephanodiscus hantzschii and Discostella strains were isolated and grown 
similarly, sequences were obtained from them for use as outgroups. Discostella has recently 
been separated from the genus Cyclotella (Houk & Klee 2004). We will refer to the group of 
cultures previously called “ambiguous” C. scaldensis morph (Beszteri et al. 2005a; Beszteri et 
al. 2005b) as C. cf. scaldensis in this publication. Based on valve morphological features, the 
three morphospecies C. meneghiniana, C. quillensis and C. cryptica will be referred to as C. 
meneghiniana complex. The other two Cyclotella morphospecies included, C. cf. scaldensis 
and C. choctawatcheeana, can be distinguished from them by their possession of closed 
alveolar chambers. Morphological data and images of the cultures used are available under 
www.algaterra.org. 

 

2.5.3.2. DNA extraction, PCR, sequencing 
 
Liquid cultures were harvested by filtration and DNA was extracted using a modified 

CTAB protocol (Doyle & Doyle 1990) or the PAN Plant Kit (PAN Biotech, Aidenach, 
Germany). The D1 / D2 regions of the nuclear 28S rDNA were amplified and sequenced 
using primers from Scholin et al. (1994). As a chloroplast genetic marker, a ~700 basepairs 
(bps) long fragment of the psaA gene was chosen based on previously screening the level of 
variation at a number of plastid loci, for the amplification of which PCR primers were 
available (tufA – Sáez et al 2003; psaA, psaB, psbA  - Yoon 2002). PCR products were 
purified with the QIAQuick PCR Product Purification Kit (QIAGEN, Germany) and directly 
sequenced on both strands using Big Dye Terminator v3.1 sequencing chemistry (Applied 
Biosystems, CA, USA). Sequencing products were electrophoresed on an ABI 3100 Avant 
sequencer (Applied Biosystems, CA, USA).  
 

2.5.3.3. Sequence assembly and analyses 
 
Sequence assembly was done using SeqScape 2.1 (Applied Biosystems, CA, USA) as 

described previously (Beszteri et al. 2005a). “High confidence ambiguities” were identified 
based on relative heights of two peaks (0.3 or more) occurring in the same position in the 
nuclear rDNA electropherograms. Sequences containing such ambiguities were considered 
representing within-strain polymorphisms. Individual 28S rDNA variants producing the 
observed ambiguities were reconstructed from these sequences following Clark (1990).  

Phylogenetic analyses were performed using PAUP* 4.0b10 (Swofford 1998). For 
maximum likelihood (ML) and distance based tree calculations, likelihood scores of different 
nucleotide substitution models were compared on a neighbour joining tree using Modeltest 
3.0 (Posada 1998). The best fit model according to the Akaike Information Criterion (AIC) 
was used for phylogenetic analyses using ML and neighbour joining (NJ) tree inference with 
ML distances. Maximum parsimony (MP) and ML trees were obtained in heuristic searches, 
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with 10 random taxa addition sequences. Bootstrapping (BS) of MP and NJ analyses was 
made in 1000 replicates to assess confidence in clades recovered.  

 

2.5.3.4. AFLP: strains, methods 
 
AFLP was used to test the hypothesis of strict clonality within one of the apparently 

genetically distinct lineages within C. meneghiniana that were revealed by the DNA sequence 
data. 12 strains (marked AT-D… and AT-N…, see Table 1), all belonging to group A based 
on their partial 28S rDNA sequences (see Results and Beszteri et al. 2005a), were used for the 
AFLP genotyping. These strains were isolated from samples taken at two localities from the 
River Weser (Northern Germany) on the same day (21.07.2003). The two sampling sites are 
situated ~ 40 km from each other (near Nienburg, 52° 38,54 N; 9° 12,41 E, and Daverden, 52° 
57,96 N; 9° 9,38 E). DNA extraction was performed using the PAN Plant Kit (PAN Biotech, 
Aidenach, Germany). DNA quality was verified by agarose gel electrophoresis; concentration 
was measured spectrophotometrically. 

Digestion of genomic DNA, ligation, and preamplification was performed as described 
in John et al. (2004) starting from 250 ng genomic DNA. Selective amplifications were also 
performed as described (John et al. 2004), with the following modifications: four primer 
combinations were used (EcoRI + AC – MseI + CG; EcoRI + AC – MseI + CCT; EcoRI + 
AAG – MseI + CCT), with EcoRI-specific primers marked with the fluorescent dye 6-FAM. 1 
µl of the product and 0.5 µl of GeneScan-500 ROX Size Standard (Applied Biosystems) 
internal DNA size marker was diluted to 10 µl with Hi-Di Formamide and run on an ABI 
3100 Avant sequencer (all Applied Biosystems, CA, USA). AFLP bands were sized and 
manually scored using GeneMapper v3.5 (Applied Biosystems, CA, USA).  

 

2.5.3.5. AFLP data analyses 
 
The hypothesis of strict clonality of the C. meneghiniana complex was tested by 

compatibility analyses. Compatibility analyses were performed using the following programs 
from the package PICA 95 (Wilkinson 1995). The matrix conflict permutation tail probability 
test was performed using MATRIX.EXE. This test compares the incompatibility counts 
observed in the data set with those observed in 100 random permutations of the characters 
among strains. The proportion of cases having as low or lower incompatibility counts than the 
original data set is interpreted as the probability that the observed amount of incompatibility is 
comparable to that resulting from a random assignment of characters to terminal taxa, i.e., 
here, panmixia. Second, JACTAX.EXE was used to explore the possibility that one or a few 
strains are responsible for a large proportion of the incompatibilities present in the data set. 
Here, differences in incompatibility counts in the original data set are compared with those 
observed when excluding each terminal taxon from the counting in turn. The taxon 
contributing the most to overall incompatibility in the data is then excluded, and the analyses 
iterated, as long as the remaining data set contains incompatibilities. Thus, the possibility can 
be explored that the conflict in the data set is caused by one or a few individuals. In our case, 
this would mean that although the population is basically clonal, rare sexual events lead also 
to the presence of “hybrid” genotypes. 
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2.5.4. Results 

2.5.4.1. Nuclear rDNA 
 
Partial 28S rDNA sequences analysed included those obtained by Beszteri et al. 

(2005a) from the cultures isolated from a Geeste “population” (Genbank accession numbers 
AY496188-AY496195, AY496198-AY496205, AJ878468-AJ878470) and those sequenced 
in this study (GenBank accession numbers AJ878462-AJ878467, AJ878471-AJ878502). 
General information about this region is summarized in Table 2. 

The D1/D2 regions of the 28S rDNA were invariably 613 basepairs long in strains 
from the Cyclotella species excluding amplification primer binding sites. The PCR products 
from the Discostella strains (D. pseudostelligera and D. woltereckii) were 605, that from 
Stephanodiscus hantzschii 603 bases long. From sequences containing mixed base calls, 
variants could be resolved unambiguously using a parsimony-based method (Clark 1990) with 
the exception of the following two C. meneghiniana strains (Table 1). The sequence obtained 
from strain CCMP 335 contained eight mixed base calls; it could in three different ways be 
decomposed into two alleles so that one of them was identical to an already unambiguously 
identified variant. The sequence from strain Cm7 contained 12 mixed bases; it could similarly 
be decomposed in two different ways. In both cases, the possible haplotypes differed in no 
more than two nucleotide positions from each other. For subsequent analyses, the most 
commonly found one of the already identified variants (this was in both cases variant D1) and 
the corresponding complementary variants, designated D4 and D5, were used.  

Within-morphospecies variation in the partial 28S rDNA sequences was small in all 
morphospecies studied with the exception of C. meneghiniana (Table 2). In the three C. 
quillensis strains, as well as in the two C. choctawatcheeana strains, a single variant was 
observed. Polymorphisms were observed in all other morphospecies represented by more than 
one strain (Table 2). In the three strains designated C. cryptica, two different variants were 
found, one of which, together with a very similar variant, also was found in strain CCMP 336. 
(The latter strain was designated C. meneghiniana by CCMP, but, as discussed below, 
probably also belongs to C. cryptica.) Up to four nucleotide differences separated the three 
variants found in these four strains. In the five strains designated C. scaldensis, four different 
variants were found, with up to five nucleotide differences among them.  

On the contrary, sequence variation in this region within C. meneghiniana was much 
larger. 21 different variants were observed, with 72 positions showing variation of the 613 
(11.7 %) among the C. meneghiniana strains. The number of nucleotide differences between 
pairs of these variants ranged from 1 to 32.  

Within-strain sequence variation was, however, much smaller also in C. 
meneghiniana. Nucleotide differences between variants found together in single strains of C. 
meneghiniana were less than three, with the following three exceptions (Fig. 1). In strain 
G184, as shown previously (Beszteri et al. 2005a), two divergent variants (designated A1 and 
D1, differing at 22 positions) were found. Second, the two above mentioned strains from 
group E, CCMP 335 and Cm7, contained combinations of alleles differing at 8 (variants D1 
and D5) and 12 positions (variants D1 and D4), respectively.  

The partial 28S rDNA variants obtained from C. meneghiniana could be grouped into 
eight distinct groups based on their similarities and co-occurrences in single strains (and 
leaving strain G184 out of consideration, Fig. 1). With the exception of group D, each of these 
groups displayed no more than four polymorphic nucleotides (Fig. 1, Table 2). The nucleotide 
differences among variants belonging to different groups ranged from 8 to 33. These groups 
also appeared as monophyletic in phylogenetic analyses (Fig 2) with strong bootstrap support 
(> 97 %); the only exception was again group D: the monophyly of this group had lower 
bootstrap support (63 % NJ, 70 % MP). 
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Sequences obtained from the other morphospecies of the C. meneghiniana-complex 
(C. quillensis and C. cryptica) did not differ more from sequences from C. meneghiniana than 
the latter among each other. This could be observed based on either simple counts of 
nucleotide differences (Fig. 1) as well as in phylogenetic analyses (Fig. 2). 

The phylogenetic relationships among the above groups of rDNA variants remained 
largely unresolved (Fig. 2), only a few nodes had significant bootstrap support. Variants from 
the Cyclotella strains constituted a strongly supported clade, as well as those from the C. 
meneghiniana complex (BS: 100 in both MP and NJ). However, the monophyly of C. 
meneghiniana with the exclusion of C. quillensis and C. cryptica was not supported. In the 
single best trees recovered in NJ and ML analyses, C. quillensis and C. cryptica were always 
grouped among C. meneghiniana variants in optimal trees found, leaving the latter para- or 
polyphyletic. Also, in the strict consensus of the 92 most parsimonious trees obtained (length: 
253 steps, consistency index: 0.727), the LSU sequence of the C. quillensis strains was sister 
to group A of C. meneghiniana. Thus, the single optimal trees support the paraphyly of the C. 
meneghiniana LSU alleles. However, bootstrap analyses did not further increase confidence 
in these results; most nodes within the C. meneghiniana complex were not supported by 
bootstrap values above 60 % (Fig. 2). 

2.5.4.2. psaA 
 
The length of the PCR products sequenced was 715 nucleotides in every cases. No 

mixed base calls were observed in any of the sequences. The number of variable positions 
was 133 positions in the whole dataset including outgroups, 96 within Cyclotella, 52 within 
the C. meneghiniana complex, and 45 within C. meneghiniana. Sixteen of the 238 amino acid 
positions were variable in the whole dataset, 14 within Cyclotella, 7 within the C. 
meneghiniana complex, and 6 within C. meneghiniana.  

Patterns of variation within the morphospecies investigated were similar to the case of 
the nuclear LSU sequences, with most morphospecies showing small or no variation with the 
exception of C. meneghiniana. Within the latter, however, variation within groups identified 
based on LSU sequence variation was also minor (Table 2). 

Results of phylogenetic analyses were similar to those obtained from the LSU rDNA 
data (Fig. 2): the monophyly of Cyclotella was strongly supported (BS 100 % in both MP and 
NJ), as was the monophyly of the C. meneghiniana complex (BS: 74 % NJ, 84 % MP), but 
the branching order of clades within the latter remained unresolved. In the strict consensus of 
the 80 most parsimonious trees obtained, the only clades recovered within the C. 
meneghiniana complex were the same as those shown in Fig. 2. Similarly to the nuclear 
rDNA data set, neither the mono-, nor the paraphyly of C. meneghiniana was supported by 
bootstrap values above 60 %. 

Strict association between the nuclear rDNA and the psaA variants was observed. 
Within most groups identified based on the partial 28S rDNA sequence variation above, 
identical psaA sequences were obtained from each strain (Table 2). Exceptions were the C. 
cryptica strains (three different psaA types with four variable positions), and groups A (two 
psaA types, cm-I and cm-II, differing at three positions) and D (cm-V and cm-VI, with a 
single nucleotide difference) of C. meneghiniana (Tables 1 and 2).  

 

2.5.4.3. AFLP 
 
232 markers, 174 of them polymorphic, were scored for the 12 strains included in the 

AFLP analysis using three primer pairs. All 12 fingerprints were unique. 
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Although the two populations from which the 12 strains were isolated were so close 
geographically that no significant differentiation between them was expected, they turned out 
to have been highly differentiated. Only 61 (Daverden population, seven strains) and 79 
(Nienburg population, five strains) of the 174 polymorphic markers showed polymorphism 
within the populations. Fifty-nine of the variable loci represented fixed differences between 
the two populations. The latter positions were by definition also compatible with each other. 
This explains that a matrix incompatibility permutation tail test showed highly significant (at 
p < 0.01) deviation from panmictic expectations for the combined data set.  

However, the number of incompatible character pairs in the data set was substantial 
(2943), and none of the two populations deviated from panmictic expectations when analysed 
separately. The number of incompatible pairs was 97 (in the Daverden population, 
permutation tail probability: 0.89) and 217 (in the Nienburg population, permutation tail 
probability: 0.25), respectively. Thus, the two populations themselves showed patterns of 
genetic variation not distinguishable from that expected assuming random mating within the 
populations.  

To test whether all strains contributed in comparable amount to the phylogenetic 
incompatibility present in the two populations, the contribution of individual strains was 
assessed by omitting them from the data set and comparing incompatibility counts of data sets 
with and without each of them. The strain that appeared to contribute the most to 
incompatibility present in the data was removed, and the test repeated until no further 
incompatibilities remained in the data set. The results showed that in both populations, the 
removal of the first strain substantially decreased the amount of phylogenetic incompatibility 
in the data (Fig. 3). However, also in both populations, a complete lack of incompatibilities 
could not be reached: some remained even when including only four strains. Four terminal 
taxa constitute the limit of testing phylogenetic incompatibility in a data set in the case of 
non-polarized characters (i.e., by definition, no incompatibilities can be present in a data set 
of three taxa). 

  

2.5.5. Discussion 
 

2.5.5.1. Cryptic diversity in C. meneghiniana 
 
The data obtained in this study further reinforced the idea that the diatom 

morphospecies C. meneghiniana is not a genetically homogeneous / irreducible taxon. The 
following facts strongly indicate the presence of genetic structure within C. meneghiniana: 

 
(1) within-species sequence variation substantially exceeded average within-strain 

variation in the nuclear rDNA segment sequenced. Groups of rDNA variants were clearly 
distinct (Table 2, Fig. 2). Even group D, showing the most variation, was monophyletic in 
phylogenetic analyses (Fig. 2). Whereas within-strain variation was encountered in the 
nuclear rDNA sequences, variants belonging to different groups never occurred together 
besides the single exception of strain G184, discussed previously (Beszteri et al. 2005a). 

(2) groups of strains defined based on their nuclear rDNA genotypes had identical or 
close to identical psaA sequences, whereas psaA sequence differences between rDNA groups 
were always larger (Table 2). 

 
Sequence variation at both loci within the C. meneghiniana groups was comparable to 

variation in all other morphospecies studied here (Table 2). In the case of the D1/D2 regions 
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of the 28S rDNA, they were also comparable to amounts of intraspecific variation observed in 
other algal groups (John et al. 2003; Sarno et al. 2005).  

The observed genetic structure within C. meneghiniana cannot be explained by 
geographic isolation. Strains belonging to different genotypic groups occurred in sympatry in 
several cases (Table 1). Strains from two localities, from which more strains were sampled 
(Geeste Estuary, Bremerhaven, and River Weser by Hasenbüren, see Table 2 and Beszteri et 
al. 2005a) showed a large genetic diversity; strains from other localities (River Weser by 
Nienburg and Daverden) all belonged to the same genotypic group (group A in both cases).  

The sequence variants found in C. meneghiniana did not form a monophyletic group 
in the case of either data set. Whereas the C. meneghiniana complex (including C. cryptica 
and C. quillensis besides C. meneghiniana) was monophyletic with strong bootstrap support 
in all analyses, the monophyly of C. meneghiniana was not supported by bootstrap values > 
60 %. Both C. cryptica and C. quillensis were grouped well among clades consisting of 
variants from C. meneghiniana in best trees recovered using different optimality criteria, 
leaving the latter morphospecies para- or polyphyletic. 

 

2.5.5.2. Clonality or cryptic species?  
 
The above results cannot answer the question whether the variation pattern observed 

can be explained by a complete lack of sexual reproduction in C. meneghiniana, or by the 
presence of multiple sexual species within it. Although patterns of ribosomal DNA variation 
might also be of some limited use for answering this question (Beszteri et al. 2005a), they are 
not ideally suited for this purpose because of their low amount of variation within the groups 
revealed. AFLP fingerprints have two important advantages in this context: they show more 
variation, and they provide information about genetic variation at multiple loci. Using 
multilocus genotypes, linkage among loci can be explored. In the case of strict clonality or 
selfing, genome-wide linkage is expected among loci, whereas if sexual reproduction occurs, 
even if occasionally, it is expected to break down this linkage. In the case of the dominant 
AFLPs, allele frequency based tests of linkage disequilibrium are not appropriate, and our low 
sample size does not permit the use of such tests either. However, tests based on phylogenetic 
compatibility among loci are not so sensitive to these factors, thus they allowed us testing the 
hypothesis of clonality in a small subsample. 

The AFLP data showed high amounts of incompatibility among loci within both 
populations sampled for this test. The data strongly suggest that at least occasionally, 
allogamous sexual reproduction occurred in the past of these populations, leading to a 
reshuffling of genetic variation among lineages. Our small sample size does not allow us to 
draw a similarly strong conclusion about the frequency of such sexual events. As illustrated 
by Fig. 3, one of the strains contributed to a disproportionately large extent to the 
phylogenetic incompatibility present in the data in both populations. However, to what extent 
this deviates from patterns expected supposing frequent allogamous events is unclear. A more 
thorough population sampling might be able to answer this question in the future. 

 

2.5.5.3. Taxonomic conclusions: C. cryptica and C. 
meneghiniana 

 
As shown previously, quantitative morphological features classically used for species 

identification in this diatom group were unable to differentiate a subset of the genetically 
distinct groups revealed within C. meneghiniana (Beszteri et al. 2005a). Here we have not 
even attempted a morphometric comparison because of the large number of factors 
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complicating the interpretation of morphological variation in this group. The most important 
of these factors is the possibility of valve morphological plasticity. As noted in the 
Introduction, one of the morphospecies included in our study, C. cryptica is known to be able 
to produce valve morphology typical of C. meneghiniana when grown at low salinities and 
after auxospore production (Schultz 1971). Later, also C. meneghiniana cultures capable of 
producing the C. cryptica morphology were reported (Desikachary & Rao 1973; Hoops & 
Floyd 1979), and smaller morphological changes in C. meneghiniana cultures caused by 
salinity changes have also been shown (Hoops & Floyd 1979; Tuchman et al. 1984). The 
frames of this work did not allow for an extensive study of the effects salinity on valve 
morphologies. Clearly, any trial aimed at identifying fixed morphological differences between 
the to date cryptic taxa apparently existing within the C. meneghiniana complex will need to 
consider this issue.  

Our results indicated that strains identified as C. cryptica were genetically 
homogenous and different from C. meneghiniana. (We also grouped strain CCMP 336 into C. 
cryptica, based on its nuclear rDNA and psaA sequence, although according to CCMP it is a 
C. meneghiniana strain – as discussed above, the morphological boundary between these 
species is quite unclear.) Although their rDNA and psaA variants were not more different 
from other C. meneghiniana strains than the latter among each other, they formed one of the 
distinct groups recovered within the C. meneghiniana complex in both data sets (Fig. 2, Table 
2). A comparable pattern was observed by Bourne (1992) in her plastid DNA RFLP study: a 
clade of three C. cryptica strains grouped well within the much deeper clade including strains 
identified as C. meneghiniana besides C. cryptica.  

The situation with C. quillensis, the morphological differences of which species from 
C. meneghiniana are also minor (Battarbee & Keister 1982; Hakansson & Kling 1994), was 
similar in our results. It showed no variation in either region sequenced, was genetically 
distinct from all other groups, but was part of the well supported clade including C. 
meneghiniana and C. cryptica as well. These results suggest that the C. meneghiniana 
complex might include a large number of species, some of which can be distinguished from 
others, perhaps even other described species. This might also imply that future morphology 
based taxonomic studies in this group will need to test the above discussed problematic 
effects of salinity upon morphology also when dealing with other, morphologically similar 
species like C. quillensis.  

 

2.5.5.4. Population differentiation on small geographic scale or 
even more cryptic species? 

 
One of the most unexpected results of this study was the substantial differentiation 

observed between the two subsamples of strains used in the AFLP analyses. The samples, 
from which these cultures were isolated, were taken from the same river, at sites located about 
40 kms from each other, and on the same day, with a difference of about two hours. Although 
sample sizes were very small, the genetic differences between strains from the two localities 
were enormous. Of the 174 polymorphic loci, 59 showed a fixed difference between the two 
groups of strains, and further 64 loci were compatible with this grouping. Only 29 parsimony 
informative loci were incompatible with the split separating the two populations.  

The small distance and the hydrological connection between the sampling sites 
excludes the possibility of simple isolation-by distance, the large genetic difference between 
the two populations is clearly a result of different selective pressures acting on them at the 
two localities. In the case of strict clonality, the effect of divergent selection could be 
expected to result in similar genome-wide population differentiation: selection acting upon 
any locus would decrease within-population variation also at all other loci in a population, 
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because the whole genome is in linkage with the locus under selection. However, as discussed 
above, the amount of phylogenetic incompatibilities within these two populations strongly 
suggested that allogamous sexual reproduction has occurred so frequently in their past that it 
could break down genome-wide linkage among loci, making this explanation implausible.  

Therefore, the question that arises whether the two populations really were two, highly 
differentiated populations of a single species, or did they in fact represent two, reproductively 
isolated taxa. We think two facts seem to favour the second hypothesis. The first is simply the 
amount of fixed genetic differences between these populations seen in the AFLP data, 
accompanied by the strong indications of the presence of sexuality, as discussed in the last 
paragraph. The second is that patterns of variation at both loci sequenced are congruent with 
this idea: psaA variants occurring in strains from the two populations also showed three fixed 
mutational differences (Table 1). Their 28S rDNA variants were also different, although 
variant A2 occurred in both groups – but this might also represent an ancient polymorphism 
retained from the common ancestor of the two species.  

The above dilemma seems to be a recurrent question posed at the end of research 
involving population genetic data collection from diatoms. The first detailed population 
genetic study of a diatom species encountered a yearly alternation of highly differentiated 
populations in Skeletonema costatum using multilocus enzyme electrophoresis (Gallagher 
1980). We know since that this morphospecies is in fact a complex of several genetically 
distinct entities (Sarno et al. 2005). However, it is still unclear whether the “summer” and 
“winter” populations detected by Gallagher were representatives of one or more of these 
species. Another study, performed with the “taxonomically unproblematic” species Dytilum 
brightwellii using microsatellite markers, detected genetically distinct populations in different 
parts of a single estuarine system (Rynearson & Armbrust 2004). It remained unclear also in 
this case whether the substantial differentiation was caused by the differential growth of 
distinct species (reproductively isolated groups), or whether rather different subsets of the 
genetic variation present in a single species were favoured in the different environments. 
Based on the reoccurrence of this question in several of the few population genetic 
investigations that have been made with diatoms to date, one can predict that diatomists will 
be confronted with this problem in the future in several cases, with the widening application 
of high resolution molecular markers in this group.  

We think this question deserves further attention because of at least two reasons 
besides its potential frequency. The first is that the alternatives of cryptic diversity vs. strong 
ecotypic differentiation represent our current limit of understanding of “around-the-species-
level” genetic variation in diatoms. The second is that these two hypotheses have different 
implications for approaches trying to make use of diatom microdiversity for refining water 
quality monitoring: if the incidence of species, that can only be differentiated using high 
resolution molecular markers, is much higher in diatoms than expected, then diatomists 
simply face the technical challenge of using such markers more widely than before to 
recognize species. However, if strong intraspecific ecotypic differentiation is a characteristic 
feature of diatoms, then microdiversity research also needs to take into account the effects of 
gene flow among such ecotypes, making their identification also conceptually more 
challenging. 
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2.5.8. Tables 
 
Table 1. List of strains used, their origins, and LSU rDNA and psaA haplotypes. In the case of the 28S rDNA haplotypes, the presence of 

one allele is indicated when no ambiguous positions were observed; in the presence of ambiguous positions, haplotypes were reconstructed 
assuming the presence of two different alleles, these are listed separated by slashes. Origin: FDCC – Loras College Freshwater Diatom Collection, 
CCMP – Provasoli-Guillard National Center for the Culture of Marine Phytoplankton, AT – isolated during this work, within the frame of the 
project Algaterra. * - strain CCMP336 is listed as C. meneghiniana by the culture collection; based on its molecular genetic affinities to C. cryptica 
strains, we consider it as belonging to C. cryptica. ** - sequences obtained previsouly (Beszteri et al. 2005a). *** - 28S variants were resolved with 
ambiguity. 

 
strain name   species   origin     origin  28S haplotypes psaA 

L1840  C. choctawatcheeana  Salton Sea, CA, USA    FDCC   Cchoct   choct 

L1844  C. choctawatcheeana  Salton Sea, CA, USA    FDCC   Cchoct   choct 

CCMP 331 C. cryptica   unknown     CCMP   Cry/Cry2  ccr-I 

CCMP 332 C. cryptica   Martha´s Vineyard, MA, USA  CCMP   Cry   ccr-II 

CCMP 333 C. cryptica   Martha´s Vineyard, MA, USA  CCMP   Cry   ccr-II 

CCMP 336 C. cryptica *    Myakka River, FL, USA   CCMP   Cry/Cry3  ccr-III 

G16W1 C. meneghiniana  Geeste estuary, Bremerhaven, Germany AT   A1**   cm-I 

G17W8 C. meneghiniana  Geeste estuary, Bremerhaven, Germany AT   A1**   cm-I 

G182  C. meneghiniana  Geeste estuary, Bremerhaven, Germany AT   A1**   cm-I 

G183N  C. meneghiniana  Geeste estuary, Bremerhaven, Germany AT   A1**   cm-I 
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G8W4  C. meneghiniana  Geeste estuary, Bremerhaven, Germany AT   A2, A4**  cm-II 

G8W5  C. meneghiniana  Geeste estuary, Bremerhaven, Germany AT   A1, A2 **  cm-I 

G8W6  C. meneghiniana  Geeste estuary, Bremerhaven, Germany AT   A2, A3 **  n.s 

G8W9  C. meneghiniana  Geeste estuary, Bremerhaven, Germany AT   A2**   cm-II 

AT-D2  C. meneghiniana  River Weser by Daverden, Germany  AT   A2, A5   cm-I 

AT-D3  C. meneghiniana  River Weser by Daverden, Germany  AT   A2, A5   cm-I 

AT-D4  C. meneghiniana  River Weser by Daverden, Germany  AT   A2, A5   cm-I 

AT-D5  C. meneghiniana  River Weser by Daverden, Germany  AT   A2, A5   cm-I 

AT-D8  C. meneghiniana  River Weser by Daverden, Germany  AT   A2, A5   cm-I 

AT-D12 C. meneghiniana  River Weser by Daverden, Germany  AT   A2, A5   cm-I 

AT-D13 C. meneghiniana  River Weser by Daverden, Germany  AT   A2, A5   cm-I 

AT-N22 C. meneghiniana  River Weser by Nienburg, Germany  AT   A3, A4   cm-II 

AT-N25 C. meneghiniana  River Weser by Nienburg, Germany  AT   A2   cm-II 

AT-N30 C. meneghiniana  River Weser by Nienburg, Germany  AT   A3, A4   cm-II 

AT-N32 C. meneghiniana  River Weser by Nienburg, Germany  AT   A3, A4   cm-II 

AT-N34 C. meneghiniana  River Weser by Nienburg, Germany  AT   A3, A4   cm-II 
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G184  C. meneghiniana  Geeste estuary, Bremerhaven, Germany AT   A1, D1**  cm-I 

G17W3 C. meneghiniana  Geeste estuary, Bremerhaven, Germany AT   B**   cm-III 

G8W7  C. meneghiniana  Geeste estuary, Bremerhaven, Germany AT   B**   cm-III 

G183K  C. meneghiniana  Geeste estuary, Bremerhaven, Germany AT   C**   cm-IV 

G188C  C. meneghiniana  Geeste estuary, Bremerhaven, Germany AT   C**   cm-IV 

G188D  C. meneghiniana  Geeste estuary, Bremerhaven, Germany AT   C**   cm-IV 

AT-cscal C. meneghiniana  River Moselle, Luxemburg   É. Ács   C   cm-IV 

AT-51.12 C. meneghiniana  River Ems by Papenburg, Germany  AT   D1   cm-V 

AT-67.5 C. meneghiniana  River Geeste by Bramel, Germany  AT   D1   cm-V 

G18W41 C. meneghiniana  Geeste estuary, Bremerhaven, Germany AT   D1, D2**  cm-V 

AT-cm4 C. meneghiniana  Köttinger See, Germany   E. Hegewald  D1, D3   cm-V 

AT-cm7 C. meneghiniana  Köttinger See, Germany   E. Hegewald  D1, D4***  cm-V 

CCMP335 C. meneghiniana  Loch Leven, Scotland, UK   CCMP   D1, D5 ***  cm-VI 

AT-10.4.0 C. meneghiniana  River Weser by Hasenbüren, Germany AT   F   cm-VII 

AT-10.5.5 C. meneghiniana  River Weser by Hasenbüren, Germany AT   F   cm-VII 

CCMP 334 C. meneghiniana  Lake Ohrid, Macedonia   CCMP   F   cm-VII 
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AT-10.4.1 C. meneghiniana  River Weser by Hasenbüren, Germany AT   G1   cm-VIII 

AT-10.5.2 C. meneghiniana  River Weser by Hasenbüren, Germany AT   G1, G2   cm-VIII 

AT-10.5.2a C. meneghiniana  River Weser by Hasenbüren, Germany AT   G1, G2   cm-VIII 

AT-10.5.0 C. meneghiniana  River Weser by Hasenbüren, Germany AT   G3, G4   cm-VIII 

AT-cm3 C. meneghiniana  Hanoi, Vietnam    E. Hegewald  H1, H2   cm-IX 

Bpp02-9 C. meneghiniana  Bayou Petite Prairie, LA, USA  E. Theriot  I1, I2   cm-X 

L776  C. quillensis   Devils Lake, ND, USA   FDCC   Quil   quil 

L829  C. quillensis   Devils Lake, ND, USA   FDCC   Quil   quil 

L835  C. quillensis   Devils Lake, ND, USA   FDCC   Quil   quil 

G18W53 C. cf. scaldensis  Geeste estuary, Bremerhaven, Germany AT   E1**   scal 

G8W8  C. cf. scaldensis   Geeste estuary, Bremerhaven, Germany AT   E1, E2**  n.s 

G18W42 C. cf. scaldensis   Geeste estuary, Bremerhaven, Germany AT   E1, E3**  scal 

G18W44 C. cf. scaldensis   Geeste estuary, Bremerhaven, Germany AT   E1, E3**  n.s 

G1W11 C. cf. scaldensis   Geeste estuary, Bremerhaven, Germany AT   E1, E4**  scal 

AT-10.1.1 D. pseudostelligera  River Weser by Hasenbüren, Germany AT   Cpseu1  pseu-I 

L435  D. woltereckii   Montezuma Well Natl. Mon., AZ, USA FDCC   Cpseu1  pseu-I 
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L434  D. pseudostelligera f. parva Montezuma Well Natl. Mon., AZ, USA FDCC   Cpseu1  pseu-II 

A14  D. pseudostelligera  Borrow Pit, west Ames, IA, USA  FDCC   Cpseu2  pseu-III 

AT-N2  Stephanodiscus hantzschii River Weser by Nienburg, Germany  AT   Shan   shan 
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Table 2. Summary of information on genetic variation observed within the rDNA groups of C. meneghiniana and in the other Cyclotella 
morphospecies included in our study. Nr. of strains sequenced: number of strains for which partial LSU rDNA sequences were obtained, followed 
by the number of strains for which the psaA fragment was sequenced. Number of variants: the number of unique variants found in the respective 
groups. Min nr. of differences: the smallest number of nucleotide differences observed between a member of the corresponding group and any other 
strain. * - C. cryptica, including strain CCMP 336. 
         LSU       psaA   

        nr. of strains number of  variable  min. nr. of  number of variable min. nr. of 

         sequenced variants positions  differences   alleles  positions  differences  

C. meneghiniana, group A  20 / 19  5  5  13   2  3   11 

C. meneghiniana, group B  2 / 2  1  -  8   1  -  4 

C. meneghiniana, group C  4 / 4  1  -  10   1  -  2 

C. meneghiniana, group D  6 / 6  5  14  9   2  1  2 

C. meneghiniana, group F  3 / 3  1  -  13   1  -  10 

C. meneghiniana, group G  4 / 4  4  2  8   1  -  4 

C. meneghiniana, group H  1 / 1  2  1  9   1  -  8 

C. meneghiniana, group I  1 / 1  2  1  22    1  -  11 

C. cryptica *    4 / 4  3  5  13   3  4  13 

C. quillensis    3 / 3  1  -  16   1  -  9 

C. choctawatcheeana   2 / 2  1  -  27   1  -  45 

C. cf. scaldensis    5 / 3  4  5  31   1  -  39 
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Table 3. Summary of the AFLP data. The informative markers were grouped according to their compatibility with the split separating the 
two populations. 
 

       No. of loci 

monomorphic       58 

uninformative       22 

fixed differences      59 

informative, compatible     64 

informative, incompatible     29 

altogether      232 loci 
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2.5.9. Figures 
 
Fig. 1. Matrix of pairwise nucleotide differences (lower left half) and Jukes-Cantor distances (upper right half) of the nuclear LSU rDNA 

variants. Gray background marks that the corresponding variants were found co-occuring in a single strain.  
 

A1 A2 A3 A4 A5 B C D1 D2 D3 D4 D5 F G1 G2 G3 G4 H1 H2 I1 I2 CRY CRY2 CRY3 QUIL
A1 - 0.003 0.005 0.005 0.005 0.040 0.030 0.037 0.038 0.035 0.023 0.033 0.033 0.045 0.044 0.047 0.045 0.023 0.022 0.047 0.045 0.030 0.032 0.028 0.032
A2 2 - 0.002 0.002 0.002 0.040 0.030 0.037 0.038 0.035 0.023 0.033 0.033 0.045 0.044 0.047 0.045 0.023 0.022 0.047 0.045 0.030 0.032 0.028 0.032
A3 3 1 - 0.003 0.003 0.042 0.032 0.038 0.040 0.037 0.025 0.035 0.035 0.047 0.045 0.049 0.047 0.025 0.023 0.049 0.047 0.032 0.033 0.030 0.033
A4 3 1 2 - 0.003 0.040 0.030 0.037 0.038 0.035 0.023 0.033 0.033 0.045 0.044 0.047 0.045 0.023 0.022 0.047 0.045 0.030 0.032 0.028 0.032
A5 3 1 2 2 - 0.038 0.028 0.035 0.037 0.033 0.022 0.032 0.035 0.044 0.042 0.045 0.044 0.025 0.023 0.045 0.044 0.028 0.030 0.027 0.033
B 24 24 25 24 23 - 0.042 0.044 0.045 0.042 0.037 0.040 0.035 0.013 0.015 0.015 0.016 0.035 0.033 0.052 0.051 0.040 0.042 0.038 0.047
C 18 18 19 18 17 25 - 0.027 0.028 0.025 0.016 0.027 0.032 0.049 0.047 0.051 0.049 0.022 0.020 0.044 0.042 0.032 0.033 0.030 0.035

D1 22 22 23 22 21 26 16 - 0.002 0.002 0.020 0.013 0.040 0.049 0.047 0.051 0.049 0.028 0.027 0.049 0.047 0.040 0.042 0.038 0.045
D2 23 23 24 23 22 27 17 1 - 0.003 0.022 0.012 0.042 0.051 0.049 0.052 0.051 0.030 0.028 0.051 0.049 0.042 0.044 0.040 0.047
D3 21 21 22 21 20 25 15 1 2 - 0.018 0.012 0.038 0.049 0.047 0.051 0.049 0.027 0.025 0.049 0.047 0.038 0.040 0.037 0.044
D4 14 14 15 14 13 22 10 12 13 11 - 0.016 0.027 0.044 0.042 0.045 0.044 0.015 0.016 0.040 0.038 0.023 0.025 0.022 0.032
D5 20 20 21 20 19 24 16 8 7 7 10 - 0.037 0.047 0.045 0.049 0.047 0.025 0.023 0.047 0.045 0.037 0.038 0.035 0.042
F 20 20 21 20 21 21 19 24 25 23 16 22 - 0.038 0.040 0.040 0.042 0.023 0.022 0.047 0.045 0.028 0.030 0.027 0.032

G1 27 27 28 27 26 8 29 29 30 29 26 28 23 - 0.002 0.002 0.003 0.042 0.040 0.054 0.052 0.040 0.042 0.038 0.054
G2 26 26 27 26 25 9 28 28 29 28 25 27 24 1 - 0.003 0.002 0.040 0.038 0.052 0.051 0.038 0.040 0.037 0.052
G3 28 28 29 28 27 9 30 30 31 30 27 29 24 1 2 - 0.002 0.044 0.042 0.056 0.054 0.042 0.044 0.040 0.056
G4 27 27 28 27 26 10 29 29 30 29 26 28 25 2 1 1 - 0.042 0.040 0.054 0.052 0.040 0.042 0.038 0.054
H1 14 14 15 14 15 21 13 17 18 16 9 15 14 25 24 26 25 - 0.002 0.040 0.038 0.025 0.027 0.023 0.028
H2 13 13 14 13 14 20 12 16 17 15 10 14 13 24 23 25 24 1 - 0.038 0.037 0.023 0.025 0.022 0.027
I1 28 28 29 28 27 31 26 29 30 29 24 28 28 32 31 33 32 24 23 - 0.002 0.049 0.049 0.047 0.049
I2 27 27 28 27 26 30 25 28 29 28 23 27 27 31 30 32 31 23 22 1 - 0.047 0.047 0.045 0.047

CRY 18 18 19 18 17 24 19 24 25 23 14 22 17 24 23 25 24 15 14 29 28 - 0.005 0.005 0.040
CRY2 19 19 20 19 18 25 20 25 26 24 15 23 18 25 24 26 25 16 15 29 28 3 - 0.007 0.042
CRY3 17 17 18 17 16 23 18 23 24 22 13 21 16 23 22 24 23 14 13 28 27 3 4 - 0.038
QUIL 19 19 20 19 20 28 21 27 28 26 19 25 19 32 31 33 32 17 16 29 28 24 25 23 -
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Fig. 2. Phylogenies of the nuclear LSU (left) and the psaA (right) variants. Both trees were calculated by bootstrapping the alignments in 1000 
replicates and calculating neighbour joining (NJ) trees with maximum likelihood (ML) distances using the best fit model chosen using the Akaike 
Information Criterion. Branches recovered in less than 60 % of the bootstrap replicates were collapsed into polytomies. Lines connecting groups of  
LSU and psaA variants indicate that the corresponding variants at the two loci were found in the same group of strains. A single co-occurrence is 
not shown, that of rDNA variant D1 and of psaA variant cm-I, in the possibly non-clonal strain G184 (see discussion in Beszteri et al. 2005a). 
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Fig. 3. Decrease of incompatibility counts following removal of strains contributing the 
most to phylogenetic incompatibility in the two populations. D – Daverden (7 strains), N – 
Nienburg (5 strains) population. 
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3. Synthesis 
 

3.1. Morphometric approaches to study diatom valve 
ultrastructural variation 

 
In Publication I, two different morphometric approaches were applied to study valve 

ultrastructural variation in cultures and field samples of C. meneghiniana and C. scaldensis. 
The distinction between these species has previously been questioned based on the notion that 
intermediate morphologies between those typical of these species have been encountered in 
field samples (Kiss & Ector 2000, and Muylaert, pers. comm.). Our observations also 
supported the existence of such intermediates. However, both morphometric approaches 
convincingly demonstrated that the intermediate morphologies observed in our cultures and in 
samples from two North European estuaries were morphologically distinct from typical C. 
meneghiniana as well as from typical (‘extreme’) C. scaldensis, and these morphs displayed 
three distinct size reduction series.  

The biological relevance of this morphological distinctness is underlined by the 
following facts. First, size ranges of the morphs overlapped to a large extent, excluding the 
possibility that distinct phases of the size reduction series of a single species were sampled. 
Second, the two cultivated morphs were morphologically distinct in cultures in the same 
culture conditions. Third, they were also distinct in sympatry in the field samples; in the 
samples from the Schelde estuary, where all three morphs were found in abundance in 
sympatry, they were all distinct. Fourth, morphological correspondence of different 
populations of the morphs (cultures and the two estuarine localities) was good; the largest 
differences observed were between different populations of the ‘ambiguous’ C. scaldensis 
morph. These were, however, also explained by differences in the size distributions of the 
different samples. The conclusion drawn from these facts was that the three morphs 
represented three different species instead of life cycle phases or environmentally induced 
morphological variation of a single species. 

Both methodologies applied proved effective and useful for drawing the above 
conclusions. Results from them complemented each other to some extent. The distinctness of 
C. meneghiniana from the other morphs was shown most markedly in the geometric 
morphometric analyses, whereas the distinctness of the ‘extreme’ C. scaldensis from the other 
morphs was so in the conventional morphometric analyses. This difference was caused by the 
fact that in spite of our effort that the two morphometric approaches characterize the same 
morphological features, there was some complementarity between them. This 
complementarity proved useful in this case. It made clear that the morphological feature 
allowing the most straightforward differentiation of the two C. scaldensis morphs was the 
frequency of marginal strutted processes, a feature we could not account for in the geometric 
morphometric approach. On the other hand, the feature allowing the easiest differentiation of 
C. meneghiniana from the C. scaldensis morphs was the radial extension of the alveoli. 
Although intuitively we consider that this feature was well characterized using both 
morphometric approaches, the differences shown by the geometric morphometric analyses 
were larger. This was probably because the other features characterized by this approach 
differed also markedly between the morphs. 

Besides the morphological distinctness revealed by the morphometric comparisons, 
cultures of the ‘ambiguous’ C. scaldensis morph also had a distinct set of rDNA variants from 
the C. meneghiniana cultures isolated from the same locality at the same time, as shown in 
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Publication II . The congruence of these two, independent sets of information gives further 
strong support to the idea that these morphs are not conspecific. 

 
 
 
 
 
 
 
 
 
 

3.2. Deviations from panmictic expectations within C. 
meneghiniana 

 
Publication II  provided the first strong evidence for the hypothesis that C. 

meneghiniana was a ‘structured species’, i.e., one consisting of either multiple, cryptic species 
or a complex of strictly clonal lineages. The evidence was provided by the strong deficiency 
of clonal strains with combinations of divergent rDNA variants, which were found in the 
population. This phenomenon was observed in both variable regions used in Publication II , 
the D1/D2 regions of the 28S rDNA as well as in the ribosomal ITS (internal transcribed 
spacer) regions. Furthermore, the groups identified on the basis of on one of these regions 
were congruent with those identified on the basis of on the other, i.e. the two data sets were 
completely congruent, although amounts of variation present in the two regions were 
different. The 18S rDNA cannot be considered an effective molecular marker for such 
intraspecific studies because of its conservation (it is about 1800 bases long with less than 10 
positions varying within C. meneghiniana, as opposed to the 613 bases long D1/D2 regions of 
the 28S rDNA, with 43 polymorphic positions). However, variation in this conserved region 
was also congruent with that observed in the two other regions. 

Having revealed that the C. meneghiniana population sampled was a complex of 
lineages, among which gene flow was absent or at least so strongly reduced that it could not 
be detected, the next question arising was whether this could be explained by the presence of 
multiple cryptic sexual species, or rather by the complete lack of allogamous sexual 
reproduction in this population. We also attempted to test the hypothesis of panmixia within 
the single rDNA groups using the ITS sequences to answer this question. An analysis of 
molecular variance (AMOVA) indicated that ITS sequence variation among the C. 
meneghiniana strains could be partitioned into significant within-strain and among-group 
variance components, without a significant within-group, among-strain component remaining. 
This was interpreted as an indication that genetic variation was homogenously distributed 
among strains belonging to the separate rDNA groups. However, as also noted in the 
publication, we did not consider this evidence conclusive for two reasons. Firstly, number of 
strains belonging to individual rDNA type was low, ranging from one to eight. Secondly, even 
the most variable of the regions compared, the ITS regions, showed a limited variation within 
the rDNA groups. 

An important aspect of Publication II  was that it aimed at identifying which of the 
rDNA regions could be used the most effectively to explore patterns of within-morphospecies 
genetic variation in C. meneghiniana. As noted above, 18S rDNA showed too little variation 
to be useful for this purpose. The amount of variation provided by the second most conserved 
region considered, the hypervariable D1/D2 regions of the 28S rDNA, was sufficient to 
resolve the independent groups. This region also lacked insertion/deletion polymorphisms, 

Conventional and landmark-based morphometric methods were used to explore valve 
ultrastructural variation quantitatively in cultures and field samples of C. meneghiniana, 
C. scaldensis, and a morph that displayed an intermediate morphology between them. The 
results indicated that the intermediate morph displayed a distinct size reduction series 
from typical forms of the two nominal species instead of linking their morphological 
variation, suggesting that the three morphs were not conspecific. Ribosomal DNA 
variation in the two cultured morphs further reinforced this hypothesis. 
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making its direct sequencing feasible. On the other hand, whereas the ITS regions provided 
the most information (i.e., they were the most variable) of the three regions sequenced, they 
often showed within-strain length polymorphisms, which necessitated cloning of the PCR 
products for sequencing. Therefore, the D1/D2 regions of the 28S rDNA were chosen to be 
applied for the following larger scale comparisons. 

The results of these comparisons, described in Publication III , further reinforced the 
notion that C. meneghiniana was a structured species. The diversity of 28S rDNA variants 
obtained in this study was larger than that found in the single population studied in 
Publication II , but the basic pattern was similar in that no divergent variants were found in 
single strains. Although one of the rDNA groups identified in this part of the work (referred to 
as group D) showed somewhat larger amount of variation than the others, even this group of 
variants was monophyletic.  

The variation at the plastid encoded locus psaA was completely congruent with that 
found in the nuclear rDNA. Strains belonging to individual rDNA groups usually shared a 
single psaA variant. In two cases, within-group variation in the psaA sequences was observed, 
but it was confined to a single position in one case, and to three positions in the other. At the 
same time, the number of polymorphic positions in the sequenced psaA region within the 
whole morphospecies was 45. The congruence of variation at the two, physically unlinked 
genomic locations (one situated in the nuclear, the other in the chloroplast genome) gave 
strong further support to the idea that the organisms belonging to different rDNA groups 
within C. meneghiniana do not exchange genes with each others. 

Inclusion of strains of closely related species revealed a further interesting 
phenomenon. Whereas species distinguishable from C. meneghiniana and its close relatives 
by the presence of closed alveoli (the feature also distinguishing from C. meneghiniana both 
morphs of C. scaldensis studied in Publications I and II ) were also clearly distinguished 
from C. meneghiniana at both genomic locations sequenced, this was not the case with two 
other species. C. quillensis and C. cryptica both share the character of open alveoli with C. 
meneghiniana; therefore, they were referred to as members of the C. meneghiniana complex 
in Publication III . They were also not more different from the latter species in their rDNA 
and psaA variants than strains of C. meneghiniana were from each other. Although 
phylogenetic information of neither of these regions was sufficient to resolve the evolutionary 
relationships of variants within the C. meneghiniana complex with confidence, C. 
meneghiniana appeared paraphyletic in phylogenetic analyses with most methods. Although 
the monophyly of the C. meneghiniana complex was strongly supported in these analyses, the 
separation of C. quillensis and C. cryptica from C. meneghiniana was not. This result 
practically repeats those obtained by Bourne (1992) in her chloroplast genome RFLP study: 
she also found that C. cryptica grouped well within the heterogeneous group of C. 
meneghiniana strains. Whereas the interpretation of her results remained uncertain, we can 
conclude with a larger confidence that this is caused by C. meneghiniana being a structured 
species, either consisting of multiple, reproductively isolated sexual species, or of strictly 
clonal lineages. Based on the indications (Publications II and III ) that the former seems to 
apply to C. meneghiniana, the most plausible conclusion seems to be that the Cyclotella 
meneghiniana complex probably represents a complex of several distinct species, some of 
which diverged morphologically from a ‘general’, characteristic morphology sufficiently 
allowing for their recognition, whereas others did not. The resolution of the systematic 
problems around the polymorphic C. cryptica seems to be according to these results that it is 
indeed a separate species from C. meneghiniana, but also a member of the complex of species 
including all extant descendants of the most recent common ancestor of all biological species 
showing the typical C. meneghiniana morphology. 
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3.3. Clonality vs. cryptic species 
 
A high-resolution multilocus fingerprinting approach, AFLP, was applied in 

Publication III  to answer the question whether clonality or the presence of cryptic species 
was responsible for the genetic structure observed in C. meneghiniana. The results of these 
analyses strongly indicated that sexual reproduction was not absent in the evolutionary history 
of the two populations sampled. This was interpreted as supporting the view that C. 
meneghiniana is a complex of multiple, reproductively isolated sexual species rather than that 
of independently evolving, effectively clonal lineages. However, the diversity of apparent life 
cycle strategies in other species complexes, like the Sellaphora pupula complex, indicates that 
this result must cautiously be extrapolated to the other, with these fingerprinting methods as 
yet unsampled genetic subgroups within C. meneghiniana. The possibility cannot be excluded 
that some of these groups do indeed reproduce sexually, whereas in others, allogamy might be 
completely or effectively absent.  

To our knowledge, Publication III  represents the first experimental testing of the 
hypothesis of strict clonality in a diatom species using molecular techniques. The major part 
of knowledge available about diatom life cycle strategies has come from observations of 
sexual reproduction and auxospore production. As noted in the Introduction, such 
observations are not necessarily able to answer the question as to what extent the presence or 
the lack of sexuality affects patterns of genetic (and thus also phenotypic) variation in a 
species. As an example, effective clonality has been revealed e.g. in Toxoplasma gondii, a 
parasitic protist earlier known to undergo an obligatory sexual stage in cat (Ajzenberg et al. 
2002). On the other hand, allogamous fertilization has never been observed in C. 
meneghiniana, in spite of the numerous life cycle investigations performed with this species 
(cited in the Introduction). Because of this, reviews of diatom sexuality have referred to C. 
meneghiniana as an example of diatom species that abandoned allogamous sexual 
reproduction (Drebes 1977; Mann 1993). However, the effect of sexuality upon genetic 
variation patterns within a species might be substantial even if allogamous sexual 
reproduction occurs only relatively rarely. It is still unclear how often sexuality appears even 
within the single rDNA-group where the hypothesis of clonality was tested, but it seems clear 
that it occurs often enough to shuffle genetic variation among lineages, an unexpected finding 
when considering the experimental studies mentioned above. 

 
 
 
 
 
 
 

Genetic variation in a single ‘population’ of C. meneghiniana as well as in a global 
collection of strains of this species strongly supported the hypothesis that C. 
meneghiniana is a structured species, consisting of multiple, reproductive isolated 
lineages (cryptic species or strictly clonal lineages). The monophyletic group containing 
C. meneghiniana also contains other morphospecies. Nor the nuclear rDNA sequences, 
neither the plastid encoded psaA sequences were fully conclusive in deciding whether the 
hypothesis of cryptic species or that of clonality explains this genetic structuring. 

Data collected using AFLP, a high-resolution multilocus genetic fingerprinting method, 
indicated that allogamous sexual reproduction was not absent in the two sampled 
populations of C. meneghiniana. This suggested that the presence of several, 
reproductively isolated sexual species might be responsible for the genetic structure 
observed in this morphospecies, rather than strict clonality or autogamy. 
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3.4. Population differentiation on small geographic scale 
 
Perhaps the most unexpected result of this work was the strong genetic differentiation 

between the two populations included in the AFLP analyses. The two (planktonic) 
populations were sampled on the same day, at localities situated around 40 kms from each 
other in the River Weser (North Germany). The strains isolated from these populations all 
belonged to a single genotypic group (group A) according to their nuclear rDNA and psaA 
sequences. The geographic distance between the two localities was so small and lacked any 
hydrographic barriers that we expected to sample effectively the same population at these 
localities. This expectation proved wrong. The differentiation between the two populations 
was so strong that the genotypes of strains grouped into exclusive groups according to their 
origin; a major part of the overall variation in their genotypes represented differences that 
were fixed between the two populations (59 loci) and patterns that were compatible with the 
grouping of strains according to their locality of origin (64 informative loci; overall: 152 
informative loci). Only 29 loci showed variation patterns incompatible with a grouping 
according to origin. 

It remains unclear whether this marked differentiation can be explained supposing that 
the two populations were actually further cryptic species, unrevealed by the DNA sequences 
used, or that this was rather a case of strong population differentiation within a single species. 
Our results indicated that within-population variation patterns indicated the presence of 
allogamous sexuality within the populations. Therefore, the alternative of further cryptic 
species vs. strong population differentiation can be translated as whether a lack of gene flow 
between these populations is responsible for their differentiation, or strongly divergent 
selective pressures acting upon them. As discussed in Publication III , some indications of the 
lack of gene flow between the populations can be found in our data. Three fixed differences 
were observed between the psaA variants of the two populations. Also, different rDNA 
variants were typical of the two populations (variants A2 and A5 in the Daverden population, 
variants A3 and A4 in the Nienburg population). Although one of the rDNA variants typical 
of the Daverden population (A2) also appeared in one of the Nienburg strains, other scenarios 
than gene flow (retained ancient polymorphism from the common ancestor species) might as 
well be invoked to explain this. In any case, our data are insufficient to settle this issue with 
confidence. 

 
 
 
 
 
 
 
 
 

3.5. Conclusion and prospects 
 
 
This thesis has shown that one of the most common freshwater diatom morphospecies, 

C. meneghiniana, is not a single species. It is rather a complex of several, genetically distinct 
lineages, at least some of which also reproduce allogamously, whereas others might be strictly 
clonal or autogamous. These lineages / species seem to be cryptic, i.e., at least to our present 
knowledge, they are not distinct morphologically. The next questions arising in this context 
are (1) what are the biological – ecological, distributional, physiological, etc. – differences 

Remarkably, the fingerprinting method applied to test the hypothesis of clonality revealed 
a marked genetic differentiation between two geographically close populations. The 
differentiation was so large that the conspecifity of the populations became questionable. 
Similar observations have also been made in other population genetic surveys of diatoms, 
further underlining our ignorance concerning their microdiversity and microevolution. 
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between these cryptic lineages, and (2) can other, as yet untested, minor morphological 
features distinguish them, in order to make their routine identification possible. The second 
question is not as straightforward to answer with these organisms as it might seem: because of 
the problems brought about by phenotypic plasticity, this would probably also require 
experimental approaches. However, both questions need to be answered to be able to fully 
appreciate the consequences of this  (up to now) hidden diversity. 

Besides consequences concerning this taxonomic groups, some more general 
conclusions can also be drawn from this work. Species names are important everyday 
working tools of biologists in a wide diversity of research areas. However, significant effort 
might be needed to understand the nature of different species in order for these names to be 
biologically truly meaningful. Studies of species-level (phenotypic and genetic) variation 
using multiple approaches are necessary to arrive at a better understanding of this problem. 
Especially in the case of diatoms, the role of morphological information for species 
identification and systematics can be expected to retain its central role due to the unique 
feature-richness of these organisms and to the wealth of information their fossilized frustules 
can provide about past environmental conditions. Still, the use of alternative approaches 
(notably studies of reproductive compatibilities and molecular approaches) indicates that 
several of the diatom morphospecies are not species in the evolutionary sense. The most 
widespread problem appears to be that taxonomic species defined based on morphological 
criteria are often composed of multiple species. 

Discoveries of cryptic species are becoming a trend not only in diatom studies (Sarno 
et al. 2005), but in other eukaryotic microorganismal groups providing ‘above-average’ 
amounts of morphological features as well, including foraminifers (De Vargas et al. 1999), 
coccolithophores (Sáez et al. 2003) and dinoflagellates (Montresor et al. 2003). In a recent 
review, De Vargas and co-authors propose that it might be the rule rather than an exception 
that morphological species of planktonic taxa are in fact complexes of cryptic or pseudo-
cryptic species (those that are also identifiable morphologically, but were only recognized to 
represent separate species through molecular surveys) (De Vargas et al. 2004). They 
introduce the concept of ‘planktic super-species’ to refer to these complexes, and suggest that 
strong stabilizing selection acting on morphologies contributes to their maintenance through 
speciation events. Significantly, and in accord with predictions from ecological competition 
theory (Sáez & Lozano 2005), the sibling species belonging to such ‘super-species’ are 
generally found to occupy subdivisions of the geographic, temporal or ecological range 
attributed to the morphospecies. A major practical implication of this fact is that once ways to 
identify such cryptic species routinely are found, the performance of ecological monitoring 
might be increased. In several cases, minor morphological differences between the ‘cryptic 
species’ involved can be found after their discovery (Sáez et al. 2003); in such cases, the 
enhanced performance can even be transferred to palaeo-environmental studies. However, 
knowledge about this cryptic diversity is not irrelevant for other disciplines either. In 
laboratory physiological studies, cultures investigated are labelled with species names. In such 
cases, knowledge of species boundaries can help identifying to which group of organisms 
particular results can be extrapolated to. 

Molecular genetic methods seem to be the most generally applicable tools to address 
such problems. Furthermore, they have the important capability of informing not only about 
variation patterns, but to some extent also about microevolutionary processes acting in their 
background more directly than phenotypic markers or life cycle observations can. For 
instance, they can be used to measure gene flow actually occurring between populations or 
demes, or they can be used to draw inferences about life cycle characteristics (e.g. the 
presence or lack of sexual reproduction) of the populations concerned. Molecular methods are 
becoming a standard tool in microdiversity investigations of diatoms, although these latter 
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potentials are perhaps not yet fully exploited (Orsini et al. 2002; Lundholm & Moestrup 2002; 
Lundholm et al. 2003; Orsini et al. 2004; Sarno et al. 2005).  

Population genetic surveys of diatoms applying high-resolution markers have come to 
similar surprising results in a number of cases. As discussed in Publication III , strong 
population differentiation over the year was observed in Gallagher’s multilocus enzyme 
electrophoresis study of Skeletonema costatum (Gallagher 1980). S. costatum is since known 
to be a species complex (Sarno et al. 2005), although the question whether the winter and 
summer populations observed by Gallagher (1980) corresponded to different cryptic species is 
unanswered. Similarly, large genetic differentiation on a small geographic scale was detected 
in a microsatellite study of Ditylum brightwellii, a species that was considered taxonomically 
unproblematic before this finding (Rynearson & Armbrust 2004). 
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4. Summary 
 
This thesis was aimed at the clarification of long standing problems concerning 

species level diversity in one of the most commonly reported and intensively investigated 
freshwater diatom species Cyclotella meneghiniana Kütz. On the one hand, this species is an 
example of diatom species causing taxonomic problems simply with their large morphological 
variation that lacks obvious discontinuities. On the other hand, a number of not standard 
investigations carried out with this species have also contributed to the recognition that it was 
taxonomically problematic. Plasticity of valve morphology spanning morphospecies 
boundaries has been observed in this and a closely related morphospecies, C. cryptica 
Reimann, Lewin & Guillard. Furthermore, the C. meneghiniana strains included in a study of 
chloroplast genome variation formed a paraphyletic group with respect to C. cryptica. The 
delimitation of a number of closely related species from C. meneghiniana was problematic, 
and the question was unanswered whether C. meneghiniana itself was in fact a single, 
unstructured species, a complex of multiple, reproductively isolated sexual species, or a 
complex of strictly clonally or autogamously reproducing lineages. 

The first part of the thesis included the sampling of a single C. meneghiniana 
‘population’ by isolating clonal cultures. Frustule ultrastructure of the cultures and of field 
samples was analysed using two different morphometric methodologies, one of them 
(landmark based geometric morphometric methods) used for the first time with diatoms. 
These morphometric analyses contributed significantly to clarifying a problem concerning the 
delimitation of C. meneghiniana from a closely related species, C. scaldensis Muylaert & 
Sabbe. The results revealed the existence of a morph with an intermediate valve morphology 
between those considered typical of these species, and also that this morph represented a 
distinct size reduction series from both of them instead of linking their morphological 
variation. The facts that the three morphs were distinct in sympatry, and cultures of two 
morphs (C. meneghiniana and the intermediate morph) were also morphologically distinct 
when grown in the same conditions, were interpreted as strong indications of that they were 
not conspecific. Numerous fixed differences in DNA sequences obtained from different 
regions of the ribosomal operons of cultures of the cultivated morphs (including a pair of 
complementary base changes in the 18S rDNA) further reinforced this notion. Cultures of the 
third morph (typical C. scaldensis) could not be obtained for similar comparisons. 

Next, patterns of ribosomal DNA sequence variation among the fifteen cultures 
displaying the characteristic C. meneghiniana morphology were explored. The patterns 
observed indicated that the population sampled was actually not a single panmictic 
population, suggesting that C. meneghiniana was indeed a genetically structured 
morphospecies. The data obtained were also applied in an attempt to test whether this 
structuring can be explained by the presence of multiple, reproductively isolated sexual 
species, or by the complete or nearly complete lack of allogamous sexual reproduction. The 
results suggested the former possibility was the more plausible explanation, but the sequenced 
regions showed limited variation at the level of the distinct rDNA groups found, thus this 
conclusion remained tentative. 

The following step was surveying sequence variation in the D1/D2 regions of the 
nuclear ribosomal DNA and in a region of the plastid encoded psaA gene in a collection of 
strains including C. meneghiniana strains with diverse geographic origins and cultures of 
some closely related species (C. cryptica, C. quillensis Bailey, C. choctawatcheeana Prasad, 
and the ‘ambiguous’ C. scaldensis morph). Again, a large diversity of rDNA variants was 
found in the collection of strains, but single strains never contained combinations of divergent 
variants. Patterns of variation in the psaA region sequenced were congruent with those 



 

 108 

observed in the nuclear rDNA region. These facts further reinforced the conclusion that C. 
meneghiniana is a structured species.  

However, these data were also unable to decide whether the genetic structuring was 
caused by strict clonality or the presence of cryptic species. To answer this question, 
amplified fragment length polymorphism (AFLP) fingerprints from two populations, which 
contained members of a single rDNA/psaA group, were obtained, and phylogenetic 
incompatibility in the AFLP data was explored. The results indicated a strong deviation from 
clonal expectations in both populations. Unexpectedly, genetic differentiation between strains 
isolated from the two populations (sampled on the same day, situated about 40 kms apart in 
the River Weser) was so substantial that the possibility that even these populations 
represented reproductively isolated (biological) species could not be excluded. 

In conclusion, the work carried out in this thesis lead to the insight that C. 
meneghiniana, one of the most often encountered and most commonly used model diatom 
species in experimental culture studies of freshwater diatoms, was not a single species. 
Instead, it appears to be a complex of several, genetically distinct taxa, some of which 
reproduce allogamously. The possibility cannot be excluded that some lineages are strictly 
clonal. Monophyly of C. meneghiniana was not supported by either the nuclear rDNA or the 
psaA region. The data obtained suggested that the C. meneghiniana complex (including at 
least C. cryptica and C. quillensis besides C. meneghiniana itself) was a complex of 
genetically distinct species, some of which have also morphologically diverged sufficiently to 
allow their recognition as separate morphospecies. Other species within the complex show 
considerable morphological overlap in their features classically used for species identification 
in these taxa. The occurrence of the phenomenon of morphological plasticity within this 
group might make it a particularly complex challenge to define morphological species 
boundaries among the, as yet, cryptic species within C. meneghiniana. 
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5. Zusammenfassung 
 
Die Abgrenzung von Arten in der Diatomeensystematik basiert auf der Morphologie 

der Silikatschalen dieser Mikroalgen. Obwohl die Diatomeenschalen eine Vielzahl von 
morphologischen Merkmalen haben, die bei anderen mikroskopischen Organismen kaum zu 
beobachten sind, ist die Abgrenzung vieler Diatomeenarten problematisch. Cyclotella 
meneghiniana Kütz. ist eins der klassischen Beispiele dafür. Einerseits ist ihre Abgrenzung 
anhand der großen morphologischen Variabilität, die keine eindeutigen Diskontinuitäten 
aufzeigt, problematisch. Andererseits wurden mit dieser Art zusätzliche Studien durchgeführt, 
die den Eindruck, dass diese Art taxonomisch problematisch sei, weiter verstärkten. 
Schalenmorphologische Plastizität, welche die vermuteten Artengrenzen überschritt, wurde in 
C. meneghiniana und in der nah verwandten C. cryptica Reimann, Lewin & Guillard 
beobachtet. Außerdem hat eine Studie von Plastidengenomvariation gezeigt, dass C. 
meneghiniana bezüglich C. cryptica paraphyletisch war. Zusammengefasst ist die 
Abgrenzung mehrerer nah verwandter Arten von C. meneghiniana nach wie vor 
problematisch. Auch die Frage wurde bisher nicht beantwortet, ob C. meneghiniana selbst 
eine einzelne, unstrukturierte Art, ein Komplex von mehreren, reproduktiv isolierten, sich 
sexuell fortpflanzenden Arten, oder ein Komplex von rein klonalen Abstammungslinien ist.  

In dieser Dissertation wurde die schalenmorphologische und molekulare Variabilität in 
dieser taxonomisch problematischen Süßwasserdiatomeenart und ihrer nahen Verwandten 
untersucht. Ziel war dabei, zur Klärung der Artengrenzen in dieser taxonomischen Gruppe 
beizutragen. 

Im ersten Teil dieser Arbeit wurden klonale Kulturen aus einer einzigen C. 
meneghiniana ‚Population’ isoliert. Von diesen Kulturen und von nicht-kultiviertem Material 
wurde mittels zwei unterschiedlicher morphometrischer Ansätze die Schalenultrastruktur 
quantitativ verglichen. Diese morphometrischen Analysen trugen zur Klärung der 
morphologischen Abgrenzung einer C. meneghiniana nah verwandten Art, C. scaldensis 
Muylaert & Sabbe, bei. Ein Morphotyp mit einer intermediären Schalenmorphologie 
zwischen den für diese beiden Arten typischen erschien in unseren Proben. Die 
morphometrischen Analysen zeigten, dass dieser Morphotyp keine morphologische 
Überlappung mit den für die beiden Arten charakteristischen Morphologien gezeigt hat. Die 
drei Morphotypen (typische C. scaldensis und C. meneghiniana und der 
Übergangsmorphotyp) unterschieden sich sowohl sympatrisch als auch in Kulturen. Das 
verdeutlicht, dass sie nicht konspezifisch waren. Diese Schlussfolgerung wird durch eine 
Vielzahl von Sequenzunterschieden in unterschiedlichen Bereichen des zellkern-kodierten 
ribosomalen Operons weiter unterstützt.  

Die nächste Fragestellung der Arbeit war, ob genetische Strukturierung innerhalb der 
Population, repräsentiert durch die Kulturen mit der charakteristischen C. meneghiniana 
Morphologie, nachgewiesen werden kann. Dafür wurde die Sequenzvariabilität in 
unterschiedlichen Bereichen des zellkern-kodierten ribosomalen Operons untersucht. Die 
Ergebnisse zeigten, dass die ‚Population’, aus der die Kulturen stammten, genetisch / 
reproduktiv strukturiert war. Die Daten dienten weiter dazu, die Natur der genetischen 
Strukturierung (reine Klonalität oder kryptische, reproduktiv isolierte Arten) aufzuklären. Die 
Hypothese der kryptischen Arten wurde als die plausiblere Alternative betrachtet, weil 
unterhalb der einzelnen rDNA-Gruppen keine weitere hierarchische Strukturierung der 
Sequenzvariation gefunden wurde. Allerdings bleiben die Schlussfolgerungen aufgrund der 
geringen Sequenzvariabilität innerhalb der gefundenen rDNA-Gruppen diesbezüglich 
provisorisch. 

Zur Erfassung der globalen Diversität in dieser und nah verwandten Morphospezies, 
wurden die Untersuchungen mit einer größeren Sammlung klonaler Kulturen, sowohl von 
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Stämmen von C. meneghiniana, isoliert aus verschiedenen geographischen Lokalitäten, als 
auch von anderen nah verwandten Arten (C. cryptica, C. quillensis Bailey, C. 
choctawatcheeana Prasad, und der Übergangsmorphotyp von C. scaldensis) erweitert. 
Außerdem wurde neben einer Region des kernkodierten ribosomalen Operons auch ein Teil 
eines plastidenkodierten Gens (psaA) aus diesen Stämmen sequenziert. Auch in diesem Fall 
wurde eine große Diversität von ribosomalen Sequenzen gefunden, und die einzelnen Stämme 
enthielten keine Kombinationen von divergenten Varianten. Die Variationsmuster in der 
psaA-Region stimmten mit der, die in der ribosomalen Region beobachtet wurde, komplett 
überein. Diese Ergebnisse verdeutlichen, dass die genetische Strukturierung außer im 
Zellkerngenom auch im Plastidengenom nachgewiesen werden kann. Weiterhin zeigte es sich, 
dass die Morphospezies C. meneghiniana global eine genetische Strukturierung aufweist. 

Anhand dieser Daten konnte jedoch nicht entschieden werden, ob diese genetische 
Strukturierung durch fehlende sexuelle Fortpflanzung oder durch die Präsenz von mehreren 
kryptischen Arten innerhalb der Morphospezies zu erklären ist. Um diese Frage zu 
beantworten, wurden aus Isolaten zweier nah gelegener Populationen mittels AFLP 
(Amplified Fragment Length Polymorphism) molekulare Fingerabdrücke erzeugt. Die große 
phylogenetische Inkompatibilität in den AFLP-Fingerabdrücken wies auf den starken Einfluss 
von sexueller Fortpflanzung hin. Die genetische Differenzierung zwischen den Populationen, 
die aus zwei geographisch nah gelegenen Lokalitäten im Laufe eines Tages isoliert wurden, 
und die zudem alle zur gleichen rDNA/psaA-Gruppe gehörten, war unerwartet hoch, so dass 
selbst die Erklärung, dass auch diese Populationen nicht konspezifisch waren, nicht 
ausgeschlossen werden kann. 

Zusammenfassend hat es sich gezeigt, dass C. meneghiniana, eine der häufigsten und 
in experimentellen Kulturstudien meist verwendeten Morphospezies bei den 
Süßwasserdiatomeen, in der Tat keine einzelne Art ist. Stattdessen scheint sie ein Komplex 
mehrerer, genetisch distinkten Taxa zu sein. Obwohl es nicht ausgeschlossen werden kann, 
dass manche dieser Taxa rein klonale Abstammungslinien sind, hat diese Arbeit sexuelle 
Fortpflanzung in einer der Gruppen nachgewiesen. Die Morphospezies C. meneghiniana 
zeigte sich in beiden untersuchten genomischen Regionen als nicht monophyletisch. Die 
Ergebnisse weisen darauf hin, dass der monophyletische C. meneghiniana Komplex, der 
mindestens C. quillensis und C. cryptica außer C. meneghiniana einschließt, ein Komplex 
mehrerer, genetisch unterschiedlicher Arten ist, von denen manche auch morphologisch von 
den anderen zu unterscheiden sind. Andere Arten des Komplexes überschneiden sich in den 
Merkmalen, die klassisch für Artenabgrenzung in dieser Gruppe angewendet werden.  
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