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Abstract

Centric diatom taxa in the Cyclotella ocellata and C. comensis complexes show high morphological
variability and often apparently continuous morphological transitions. In this study we investigated
natural assemblages of the C. ocellata/C. comensis complex from Hungarian and Croatian lakes and
from Turkish streams using morphological and molecular methods. The studied assemblages
contained cells with morphologies resembling C. ocellata as well as other, closely related, species: C.
comensis, C. pseudocomensis, C. costei, and C. trichnoidea. The goal of our paper was to assess
whether the observed morphological differences were due to intraspecific variability or suggest the
existence of several, putatively distinct species.

Ten morphometric characters were measured, which, either individually, or in pairs, did not
differentiate the nominal taxa in our assemblages. However, multivariate discriminant analysis has
revealed a group including C. ocellata and C. trichonidea morphologies could be separated from
another containing C. comensis, C. pseudocomensis and C. costei.

A nuclear (18S rDNA) and a chloroplast (rbcL) gene were amplified and partially sequenced from
environmental DNA or from isolated cells. The sequences showed little variability among the
assemblages and nominal species. Although general congruence of molecular and morphometric
separation supports the species level separation of C. ocellata/trichonidea from the probably
conspecific C. comensis/pseudocomensis/costei, sequence divergences between the groups are in the

same range as within them, so that a onspecificity of all four taxa cannot be unequivocally excluded.
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Introduction

Centric diatom species constitute a remarkable proportion of phytoplankton communities (e.g.
in Lake Geneva, Rimet 2013). Resolution of micromorphological characteristics by electron
microscopy has been the basis on which a large number of new taxa in this group have been
described. High taxonomic resolution is needed for precise environmental bioindication
(Hausmann & Lotter 2001, Rimet & Bouchez 2012), especially in the area of water quality
assessment (for example in the implementation of the EU Water Framework Directive), and
for reconstructing past environmental conditions (Birks 1994). However, the often
questionable taxonomic value of minor morphological variations used in the description of
new taxa has created great uncertainty in the delimitation of some groups of centric diatom
taxa.

Valve morphology in centric diatoms is often more variable than stated in the original
description of the species. Teubner (1995), Kiss et al. (1996, 1999) and Hegewald
&Hindakova (1997) presented continuous transitions between forms recognizable as separate
taxa in the genus Cyclotella (Kiitzing) Brébisson. The presence of heterovalvate cells with
valves that could be identified as separate species (Teubner 1995, Hegewald & Hindakova
1997) represents another type of morphological variability spanning boundaries between
hypothesized taxa.

The centric diatom Cyclotella ocellata was first described by Pantocsek (1901) from
Lake Balaton. Since then it has been recorded at several sites worldwide, mainly in lakes (e.g.
Lake Las Madres, Spain, Kiss et al. 1996) but also in rivers (e.g. River Danube, Hungary,
Kiss et al. 2012), and springs and small streams (e.g. Tiirkmen Mountain, Turkey, Solak &
Kulikovskiy 2013). Moreover, it has been detected as a fossil in sediments (e.g. Pleistocene-

Holocene sediments of Lake EI’gygytgyn, Russia, Cherepanova et al. 2010).



Cyclotella ocellata shows great morphological variability, as demonstrated by a
reinvestigation of its type material (Kiss et al. 1999), but also by observations from other
localities including the eutrophic Lake Dagow in Germany (Schlegel & Scheffler 1999), Lake
Las Madres in Spain (Kiss et al. 1996), Rapel reservoir in Chile (Rivera et al. 2003), Lake
Khubsulug in Mongolia (Genkal & Popovskaya 2008), Lake El'gygytgyn in Northeast Siberia
(Cremer et al. 2005), and Gallberg-pons in NW Germany (Hegewald & Hindakova 1997).
Due to its great morphological variability and the occurrence of intermediate forms with other
species, C. ocellata is considered part of a species-complex with its close congeners, C.
krammeri Hékansson, C. rossii Hakansson, C. tripartita Hakansson, C. kuetzingiana
Thwaites, C. polymorpha B. Meyer & Hakansson and C. comensis Grunow (Edlund et al.
2003, Cherepanova et al. 2010). The delimitation of other taxa within the C. ocellata group
was also found to be problematic (e.g. Wunsam et al. 1995, Knie & Hiibener 2007, Genkal &
Popovskaya 2008). Teubner (1995) showed the lack of clear distinction between C. krammeri,
C. kuetzingiana var. planetophora Fricke, C. kuetzingiana var. radiosa Fricke, C. ocellata and
C. comensis. Cyclotella trichonidea Economou-Amilli also resembles C. ocellata, the most
conspicuous distinguishing feature being the radial undulation of its valves (Economou-
Amilli 1982) creating an angular outline in valve view. This species was first described from
Lake Trichonis in Greece (Economou-Amilli 979), but, beside the type locality, it has only
been recorded from a few other sites (e.g. Lake Amvrakia in Greece, Danielidis et al. 1996).

Cyclotella comensis was first described from Lake Como (Hustedt 1930), has a wide
geographic distribution (e.g in Europe, Wunsam et al. 2005, in North America, Werner &
Smol 2006, in Asia, Alfasane et al. 2013). It is considered an indicator of oligotrophic to
mesotrophic conditions (Wunsam et al. 1995) and is also significant for paleolimnological
investigations (e.g. Hausmann & Lotter 2001, Wolin & Stoermer 2005). Wunsam et al. (1995)

distinguished four morphs in the surface sediment of Alpine lakes, while Hausmann & Lotter



(2001) classified six morphs differing mainly in the length of the striae, based on principal
component analysis of sediment surface samples from the Swiss Alps. The latter also found a
relationship between the morphs and mean summer air temperature. Scheffler & Morabito
(2003) described only one morph, C. comensis morphotype minima in addition to the typical
form.

Cyclotella pseudocomensis Scheffler was described from the Grof3er Boberowsee
(Scheffler 1994) and later the co-occurrence of two distinct morphotypes of C.
pseudocomensis were observed, even in unialgal cultures, accompanied by a lack of variation
in ITS-2 sequences, as well as a morphological transition between both morphs during
auxosporulation (Scheffler et al. 2003). Based on morphological features of specimens from
Lake Como, Scheffler & Morabito (2003) considered C. pseudocomensis a synonym of C.
comensis and its morph (C. pseudocomensis morphotype minima Scheffler et al. (2003)
asynonym of C. comensis morphotype minima. Later, Scheffler et al. (2005) concluded that C.
comensis was a dimorphic species, comprising the highly variable morph comensis and the
morph minima, which shows slight variability in the shape and structure of the central area.
Werner & Smol (2006) distinguished three additional morphs (‘rossi’, ‘socialis’, ‘fine’).
Cyclotella costei was described by Druart & Straub (1988) from Lake Paladru, although
Scheffler & Morabito (2003) treated it as a distinct taxon, they considered it as a morph of C.
comensis.

Using molecular data, Alverson et al. (2007) produced a phylogenetic analysis of order
Thalassiosirales, but only included C. ocellata from the C. ocellata/C. comensis complex. In
their analysis, Cyclotella was found to be non-monophyletic, C. ocellata and C. bodanica
Grunow diverged from other Cyclotella species (C. meneghiniana Kiitzing and related
species). Kistenich et al. (2014) investigated the C. comensis group using both morphological

and molecular methods. Their results indicated that C. comensis was indistinguishable from



C. pseudocomensis and C. costei, supporting the results of Scheffler & Morabito (2003).
Moreover, they used C. ocellata as a reference taxon, which seemed to be closely related to
the C. comensis group. Scheffler & Morabito (2003) also found similarities between the
valves of C. comensis and C. ocellata.

In the present study, natural assemblages of the C. ocellata/C. comensis complex from
different Hungarian, Croatian and Turkish freshwater sites were studied using morphological
and molecular methods. We investigated whether morphological / morphometric differences
between assemblages and morphs were greater than differences within these, and whether
such differences, if present, were accompanied by molecular differences. The goal of our
paper is to contribute to the clarification of the morphologically and genetically distinct

species in the C. ocellata/C. comensis complex.

Materials and methods

Sampling

Phytoplankton samples were collected from below the water surface at sampling sites shown
on the map, prepared using the ESRI ArcInfo 9.3 GIS program (Fig.1). Detailed site
descriptions are given in Table 1.

Conductivity (Cond.), pH, dissolved oxygen (DO), and water temperature (T) were
measured in situ with a WTW multiline portable device. Turbidity was also measured in situ
with Lovibond PC Checkit®. Ammonium (NH;") was measured according to ISO 7150—
1:1984. Nitrate (NO3’) was measured by the sodium salicylate method (Vijayasarathy 2011).
Orthophosphate (SRP) and total phosphorus (TP) were measured according to Eaton et al.
(2005), by the ammonium molybdate method, and the manual digestion method, respectively.
Carbonate (CO5”) and hydrocarbonate (HCO;") ions were determined by volumetric titration,

using a 0.1 M HCl solution. Calcium (Ca*") and magnesium (Mg”") ions were determined by



complexometric titration, using a 0.01 M EDTA solution. Chlorophyll-a concentration (chl-a)
was determined spectrophotometrically, after extraction with hot methanol (Iwamura et al.

1970). The measured water chemical parameters are presented in Table 2.

Morphological analysis

Samples were allowed to settle to concentrate the frustules, which were then cleaned with
hydrochloric acid and hydrogen peroxide, and subsequently washed in distilled water, filtered
onto a 3 um-mesh polycarbonate membrane, fixed on SEM stubs, and coated with gold-
palladium. The prepared samples were investigated with a Hitachi S-2600N scanning electron
microscope. For detailed morphological analyses of a given assemblage, SEM micrographs
were taken of the outside and inside views of 15-30 randomly selected valves.

The following morphological features of the valves were analysed and measured on the
micrographs (Fig. 2): valve diameter (d), diameter of the central area (dCA), number of
orbiculi depressi (OD), number of puncta (puncta), number of striae on the edge of the valve
face (stria), number of divided striae (div stria), number of marginal fultoportulae (MFP),
number of radially symmetric valve sectors (ns), number of central fultoportulae (CFP),
number of rimoportulae (RP), orientation of the rimoportula labium (RP ang). The diameter
of the central area was divided by the cell diameter (dCA/d). Assuming valves and central
area to be circular the number of striae, number of divided striae and number of MFP were
referred to 10 um valve perimeter (stria/10, div stria/10, MFP/10) , the numbers of OD and
puncta were calculated to 10 pum” central area (OD/10CA, puncta/10CA).

The structural elements of the valves were measured and analysed according to the
methods of Genkal (1977, 1984), taking into account the work of Theriot (1987). The
terminology follows that of Anonymous (1975), Ross et al. (1979) and Theriot & Serieyssol

(1994).



Statistical analysis

For statistical analysis, d, ns and derived variables (dCA/d, stria/10, div stria/10, MFP/10,
OD/10CA, puncta/10CA) were used. To reveal bivariate relationships between morphotypes a
scatter plot matrix was prepared in R. To find out if morphs were separate groups based on
the combination of variables, canonical variates analysis (CVA) was performed using PAST

2.16 (Hammer et al. 2001).

Molecular methods

Samples from gravel-pit lakes at Dunaharaszti, Nyékladhdza, Szany, Hegyeshalom, Himod,
Kunsziget and Lake Visovac were included in the molecular analysis. The samples were
either used fresh or preserved in absolute ethanol (Reanal) for DNA analysis.

Environmental DNA was extracted from samples in which the presence of only one of
the investigated species was determined by scanning electron microscopy. The sample was
mixed with a lysis buffer (10 mM Tris, 1 mM Na,-EDTA, 200 mM NaCl, 0.02 % SDS,
pH=8), frozen at —20°C for 30 min, heated at 95°C for 15 min, then treated with glass beads
using a cell mill. Proteins were digested using Proteinase K (recombinant, Fermentas) at 56°C
for 3 h. DNA was then isolated using the DNeasy® Plant Mini Kit (Qiagen).

From samples in which more than one species of interest was observed in SEM (the
gravel-pit lake at Nyékladhdza and Visovac lake), individual cells were isolated using a
micropipette under an inverted microscope (Olympus 1X70) and transferred into 100 uL.
sterile TE buffer (10mM Tris, 1 mM Na,-EDTA, pH=8) or 2X Phire Plant PCR Buffer (Phire
Plant PCR Kit, Thermo Scientific).Cell isolation from the Nyékladhaza sample resulted in

two samples: sample I included cells with visible ODs, while sample II consisted of small



cells without visible ODs. DNA was extracted using heat denaturation (95°C 15 min), protein
digestion with Proteinase K (recombinant, Fermentas), and centrifugation (20000 g 5 min).

Polymerase chain reactions were performed on the18S rRNA and rbcL genes using the
primers listed in Table 3. The primers had been designed for an earlier study (Duleba et al.
2014), and their specificity was checked with Primer-BLAST (Ye et al. 2012) and in in PCRs
on isolated cells and community DNA from the River Danube. Primers which proved to be
specific mainly to the Thalassiosirales were used in present study. Mismatch between the
primer and a given sequence on the 3’ end region (especially at the third site) of the primer
were considered to prevent its annealing. Additionally, Medlin-A was applied which had been
designed for eukaryotes by Medlin et al. (1988). Because of the low number of cells and the
low concentration of extracted DNA, the polymerase chain reaction (PCR) was performed in
semi-nested design. The PCR mixture contained the following components in the total
volume of 25 pl: 1.25 U DreamTaq ™ DNA Polymerase (Thermo Scientific), 200 mM of each
deoxinukleoside-triphosphate (Fermentas), 1X DreamTaq Buffer (Thermo Scientific), 0.325
UM of each primer, and 1-3 pl of template. In the cases of Ny¢kladhaza II and Visovac, a
Phire” Plant Direct PCR Kit (Thermo Scientific) was used according to the manufacturer’s
instructions: a reaction mix containing 0.4 pl Phire® Hot Start Il DNA Polymerase, 1X Phire®
Plant PCR Buffer, and 0.5 pM of each primer was added to the isolated cells.

The PCR amplifications with DreamTaq DNA Polymerase used the following heat
protocol: initial denaturation at 98°C for 5 min, 32 cycles at 94°C for 1 min, 52—-60°C for 30
sec, 72°C for 1-1.5 min, and a final extension at 72°C for 10 min. The Phire Kit PCR heat
protocol was: initial denaturation at 98°C for 5 min, 40 cycles at 98°C for 5 sec, 60°C for 5
sec, 72°C for 30 sec, and a final extension at 72°C for 1 min. The exact annealing temperature
for each primer pair was determined on community DNA (from River Danube) by gradient

PCR: it was 60°C for the MedlinA-Sk-1550R and Sk-900f-Sk-1550R primer pairs, 52°C for
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the Sk-600F-Sk-1550R primer pair, 55°C for the rbcL66F-Sk-rbc.975R and Sk-rbcLL400F-
Sk-rbcLL975R primer pairs. The duration of the extension step in the cycles was chosen
according to the expected length of the PCR product. The sequencing reactions and capillary
electrophoreses were performed by Biomi Ltd. For 18S rDNA Sk-600F, Sk-900F and Sk-
1550R, for rbcL Sk-rbcL400F and Sk-rbcL.975R were used as sequencing primers (Table 3).
All nucleotide sequences are available from the DDBJ/EMBL/GenBank databases under the

accession numbers KJ755337- KJ755348 (listed in Table 6).

Phylogenetic analysis

The final 18S rDNA sequences were assembled from overlapping sequence fragments.
Assembled 18S rDNA and rbcL sequences were aligned to sequences in NCBI GenBank
using BLAST (Altschul et al. 1990) to find sequences with the highest similarity. Sequences
were compared to those made available by Kistenich et al. (2014): C. comensis from
Baggersee (Austria), C. pseudocomensis from Haussee (Germany), C. ocellata from
Kiesgrube-Krugsdorf (Germany), C. costei from Giiltzsee (Germany) and Fernsteinsee
(Austria). Parismony networks to illustrate the distance between sequence types were drawn
manually. Uncorrected p-distance values were calculated manually and with MEGA 6
(Tamura et al. 2013). The sequences were aligned to sequences downloaded from GenBank
using Clustal W implemented in MEGA 6 (Tamura et al. 2013). The aligned sequences were
trimmed at both ends to the same length. The ‘Find best DNA models’ option in MEGA 6
was used to determinate the most appropriate substitution model for the DNA sequence
evolution of each gene. Maximum likelihood phylogenetic trees were constructed in MEGA 6
(Tamura et al. 2013) using the suggested substitution models: the Hasegawa-Kishino-
Yanomodel (Hasegawa et al. 1985) with gamma distribution for 18S rDNA and the Tamura-

Nei model (Tamura and Nei 1993) with gamma distribution for »bcL. Phylogenies were tested
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with the boostrap method in 500 replications. Bayesian analyses were run on datasets in
combination. Posterior probability of distribution was estimated using Metropolis-coupled
Markov Chain Monte Carlo (MCMC) as implemented in MrBayes 3.2 (Ronquist et al. 2012).
Default priors were used, 400000 generations were used and the first 25 % of samples were
discarded as burn-in. The convergence diagnostic used was the average standard deviation of

split frequencies across independent analyses.

Results

Morphological and morphometrical investigation

Based on qualitative and quantitative characteristics five morphs (‘ocellata’, ‘trichonidea’,
‘comensis’, ‘pseudocomensis’ and ‘costei’) could be distinguished (for quantitative
characteristics of the morphotypes, see Table 4). Transitional forms between them constituted
a sixth group.

The morphs could not be distinguished in internal view. Each valve had a single
(sometimes 2-3) rimoportula, internally sessile with a round external aperture, situated on the
valve face on an interstria; the orientation of the lip varied. The inner apertures of the alveoli
were round or elongated. Costae were usually equal in length, but those bearing a fultoportula
were often shorter.As the classical form of the species, frustules of the ‘ocellata’ morph (e.g.
Figs 3—12) are disc-shaped, mainly solitary, although short chains were occasionally found.
The valve face has up to six orbiculi depressi (OD), complementary to up to six large papillae.
Papillae are often broken off, leaving only the papilla postament visible (Fig. 15). The central
part of the valve has a colliculate surface and its diameter varies between 20 - 80 % of the valve
diameter, Figs 3—11). Besides the OD, there can be relatively small puncta on the external valve
face. Among them the external opening of the single (occasionally 2-4) central fultoportula

(CFP) is difficult to observe. The CFP is usually surrounded internally by two (1-3) satellite
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pores. Most valves are radially undulate, but a slight tangential undulation of the central area
can be seen on quadradiate and triradiate valves in a tilted position (Figs 6, 8, 10), resulting in
3-5 axes of symmetry. The marginal part of the valve has 14 to 24 striaec in 10 pm. Intervening
interstriae differ in length and a few can be bifurcated. Small granules are observed on the
interstriae near the margin on most valves, and also sporadically on the striae. Usually, every
third to fifth (range: each to every sixth) interstria bears a marginal fultoportula (MFP) with
two satellite pores.

The ‘trichonidea’ morph is identical to ‘ocellata’ except that its frustules are quadrangular
(Figs 101, 104). The central area of the ‘comensis’ morphotype (e.g. Figs 87-89, 92), always
has a slight tangential undulation. The valve face has no OD, but a strongly colliculate central
area with small puncta. The external opening of the single CFP is usually visible among the
puncta. The ‘pseudocomensis’ morph (Fig. 53) is identical to the ‘comensis’ morph except in the
following: the central area shows slight tangential undulation (less distinct than the ‘comensis’
morph): the colliculate pattern of the central area is less pronounced than in the ‘comensis’
morph: the valve face has no OD, but several smaller or larger puncta (much numerous than the
‘comensis’ morph). The ‘costei’ morph (e.g Figs 44-48) differs from the latter two by having
small granules on the valve face. The central area is never tangentially undulate and the marginal
part of the valve has 16 to 24 striae in 10 pm.

We observed substantial frustule morphological variability in the C. ocellata/C. comensis
assemblages investigated, with a mixture of different morphs occurring at a single location in
several cases. In certain lakes a ‘morph shift’ was observed, e.g. in 2012 the Dunaharaszti
gravel-pit lake contained mainly the ‘costei” morph, while the ‘ocellata’ mophotype was
dominant in 2013. The change from ‘more adorned’ to smooth valve surfaces are shown (Figs
3—-11, 15-22, 27-35, 39-48, 51-59, 6372, 75-85, 87-96) and a summary of the range of

morphometric featuers can be found in Supplementary material Table 1.
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The Balaton, Dunaharaszti-2013, Yalova and Inli assemblages contained mainly the
‘ocellata’ morph (Figs 4—-15, 27-34, 103—111, Supplementary Material Table 2). This morph
was also dominant in Himod (Figs 15-16), although this sample included a few transitional
(Fig. 17) and some ‘costei’ (Figs 18-22) forms. The ‘comensis’ morph was the most abundant
in Kunsziget and Hegyeshalom (75 and 57% of the studied valves, respectively, Figs 6368,
75-82), while the ‘costei’ morph constituted 75% of the observed specimens in Dunaharaszti-
2012 (Figs 44-48). The ‘trichonidea’ form occurred only in Visovac (Figs 101, 104), the
‘pseudocomensis’ form was recorded in Nyékladhaza (Fig. 53) and Szany. Nyékladhaza had
the most diverse assemblage, containing five of the six morphs (Figs 51-62).

Of the studied morphometric features, only the number of orbiculi depressi (OD)
displayed any differences between the studied assemblages (Supplementary Table 1 ). An OD
was lacking in all members of the Dunaharaszti -2012, Kunsziget, Szany and Hegyeshalom
assemblages. Although the presence of an OD is considered a characteristic feature of C.
ocellata, we also found numerous individuals lacking ODs in the Himdd, Nyékladh4za and
Visovac assemblages (Figs17-22, 53-59,102-103).

Pairwise combinations of variables did not show any separation of the morphs (see
scatter plot matrix in Supplementary Material Fig. 1). However, a CVA performed to test
whether a combination of all measured variables can distinguish the five morphs revealed two
main groups (Fig. 111.). One of them included predominantly ‘comensis’, ‘pseudocomensis’,
‘costei’ and transitional forms (C. cf comensis group), the other was mainly constituted of
‘ocellata’ and ‘trichonidea’ morphs (C. cf ocellata group). Within the first group, most valves
of the ‘costei’ morph showed slight differentiation from the other forms. Density of puncta
(Puncta/10CA) was the most determinant parameter, with striae (div stria/10) and OD density
(OD/10 CA) also contributing to the separation of the C. cf ocellata and C. cf comensis

groups. Diameter of the central area relative to that of the valve (dCA/d) and density of MFPs
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(MFP/10) contributed little to the separation. The specimens from Balaton, Dunaharaszti-
2013, Yalova and Inli mainly included the ‘ocellata’ morph based on our initial
morphological classification, all placed in the C. cf ocellata group in the CVA. There were
two exceptions in the Dunaharaszti-2013 assemblage: a ‘costei’ and and an ‘ocellata’ form.
Valves of Dunaharaszti-2012, Kunsziget, Szany and Hegyeshalom belonged predominantly to
the C. cf comensis group (except one ‘ocellata’ form from Dunaharaszti 2012, a single
‘comensis’ from both Kunsziget and Hegyeshalom, and a ‘costei’ and a ‘pseudocomensis’
from Szany). Himod, Visovac and Nyékladhdza specimens were split between the two
groups. The ‘ocellata’ and ‘trichonidea’ forms of these assemblages belonged to the C. cf
ocellata group (with two exceptions from Himdd which fell into the other group), the other
forms fell mainly into the C. cf comensis group (with one exception from Visovac).

Based on the morphological investigation we therefore refer to the Nyékladhéza I,
Himdéd, Visovac, Dunaharaszti-2013 samples as C. cf ocellata, and to the Nyékladhaza I,

Kunsziget, Szany, Dunaharaszti-2012, Hegyeshalom samples as C. cf comensis.

Molecular investigation
Sequencing success and primer specificity
We successfully amplified and sequenced both markers (18S rDNA and rbcL) from three
assemblages; only 18S rDNA from four, and only rbcL from two assemblages (for details, see
Table 5). The sample from Visovac contained isolated C. trichonidea-like cells and cells of
the classic form of C. ocellata; but we nevertheless obtained a 876 nt long clean partial 18S
rDNA sequence from this sample.

Mixed rbcL sequences were acquired from the Dunaharaszti-2013 and Hegyeshalom
assemblages, from which the 18S rDNA was also sequenced. This might have been a result of

the applied rbcL primers not being strictly Thalassiosirales—specific. According to Primer-
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BLAST, Sk-rbcLL400F and Sk-rbcL975R primers perfectly match a sequence from Craticula
cuspidata (Kiitzing) D. G. Mann, and several other non-Thalassiosiralean diatoms, e.g.
Asterionella formosa Hassall, Diatoma tenue C. Agardh with one or just a few non-3'-
terminal mismatches. These mixed sequences were discarded from further analyses.Only
amplification of 18S rDNA was attempted from Visovac and Nyékladhaza II.

The Ny¢ékladhéaza I sample provided a clean 18S rDNA sequence (Supplementary
Material Fig. 5), but its rbcL electropherogram contained some small peaks under the
dominant peaks read by the sequencer (Supplementary Material Fig. 6). The 18S rDNA
sequence from the Nyékladhaza I sample (Supplementary Material Fig. 7) also showed small
peaks that suggest the amplification of this gene from cells of other morphs/species. The read
sequences of these samples were used to discriminate the sequence types; the Nyékladhéza I

rbcL sequence and the Nyékladhéza I1 18S sequence expressions cover these read sequences.

Genetic divergence

We obtained three partial 18S rDNA sequence groups (Fig. 112) which differ from each
other at one or two nucleotide positions (corresponding to up to 0.25 %), and from the
previously determined sequence from C. ocellata strain LB8 (Alverson et al. 2007) (referred
to as type D in Fig. 112) at one to three positions (corresponding to up to 0.34 %, Tables 5, 6).
We also compared our C. cf ocellata and C. cf comensis sequences with those from Kistenich
et al. (2014), matching them to our sequences (Fig. 112). The latter sequence lengths were
half the length of ours (403 nt). They differed from our sequences at zero to one positions (0—
0.25 %) and at one to two positions (0.25-0.5 %) from C. ocellata LBS8. Over the entire >800
nt region, there were three variable nucleotide sites of which two were located in the region
studied by Kistenich et al. (2014). The most commonly observed sequences combining all our

and Kistenich et al. (2014) sequences is group B in Fig. 112, which was obtained from
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numerous strains / assemblages with mostly the comensis/pseudocomensis/costei morphology.
The only exception is the Visovac sequence, from an assemblage containing only ‘ocellata’
and ‘trichonidea’ morphologies. When compared to this sequence group, one substitution
(transversion) occurred only in the Dunaharaszti-2013, Nyékladhaza I, and Kiesgrube-
Krugsdorf samples (group A). These sequences were assigned to C. cf. ocellata based on their
morphology (Nyékladhaza I contained cells with visible ODs containing all except the
‘trichonidea’ morph, corresponding to C. ocellata). One substitution (transversion) was
unique to group C (Nyékladhaza II, cells without ODs isolated from the same assemblage as
Nyékladhaza I). It should be noted that the divergent site separating groups B and C was
outside the region studied by Kistenich et al (2014). Thus their sequences (group B in Fig.
112) could also represent type C. One substitution (transition) was observed in C. ocellata
LBS only (group D).

In the case of partial bcL sequences, we obtained three distinct groups of sequences
(four with the addition of the sequences from Kistenich et al., 2014) (Fig. 113), differing from
each other at one to three positions (i.e., up to 0.66 %). One of the sequence groups (A) was
identical to that available from C. ocellata strain LBS, as well as the single C. ocellata rbcL
sequence obtained by Kistenich et al. (2014) (Tables 5, 7), whose sequences were longer than
ours (507 nt). Those representing the C. comensis group differed at up to two positions from
our sequences for this morphological group. The rbcL sequences corresponding to the
ocellata vs. comensis/pseudocomensis/costei morphologies differ at two (one transition and
one transversion were detected only in group A) or three positions, whereas up to two
nucleotide differences occur among the sequences within the latter group (one transition was
unique to group C; a transition at another site was observed only in group D). All the

differences occurred in third codon positions.
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Phylogeny

In the phylogenetic tree compiled from the combined data (Fig.114), the C. cf. ocellata
sequences fell into the same group as the Kiesgrube-Krugsdorf (Kistenich et al. 2014) and the
LB8 (Alverson et al. 2007) C. ocellata sequences. This group appeared as sister group to the
C. cf comensis/comensis/pseudocomensis/costei clade, and with the latter clade as the sister
group to C. bodanica. The closest relatives of the C. bodanica/ocellata/comensis clade were
species of Stephanodiscus Ehrenberg.

Based on the partial 18S rDNA sequences (Supplementary Material Fig.2), sequences
from our assemblages and C. costei, C. comensis and C. pseudocomensis sequences
determined by Kistenich et al. (2014) formed a hardly subdivided group together with C.
ocellata 1L B8. Within this group, the LBS strain and our 18S rDNA group A (Dunaharaszti-
2013) were slightly separated from the other assemblages (groups B and C, represented by C.
cf comensis Szany and C. cf comensis Nyékladhaza II, respectively). The C. ocellata/cf.
ocellata/ctf comensis cluster was part of a larger cluster containing C. bodanica and all the
Discostella V. Houk & R. Klee, Cyclostephanos Round and Stephanodiscus species.

The phylogenetic tree of partial rbcL sequences (Supplementary Material Fig.3) similarly
showed a clade including all rbcL groups from our assemblages and C. costei, C. comensis
and C. pseudocomensis sequences determined by Kistenich et al. (2014), and C. ocellata LBS.
Within this cluster, groups B, C, D involving C. cf comensis (Kunsziget, Szany and
Dunaharaszti-2012 assemblages) andthe C. comensis, C. pseudocomensis, and C. costei
sequences were separated from group A (C. ocellata 1L B8 determined by Alverson et al.,

2006).

Morphometric versus genetic data
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Based on morphometric parameters the distinguished morphs constituted two groups,
suggesting that the morphs could represent two morphospecies (C. cf ocellata and C. cf
comensis). In general, sequence data corresponded to this separation. Assemblages
representing group A 18S rDNA (Dunaharaszti-2013, Nyékladhaza I = cells from
Ny¢ékladhaza with obvious ODs) and rbcL sequence (Nyékladhaza I) fell predominantly into
the C. cf ocellata morphospecies. Valves of assemblages with group B and C 18S rDNA
(Dunaharaszti-2012, Hegyeshalom, Szany, Nyékladhaza = cells from Nyékladhaza without
ODs) and group B and D rbcL (Dunaharaszti-2012, Szany, Kunsziget) mainly belonged to C.
cf comensis morphospecies. Nevertheless, Ny¢kladhédza I and II were problematic because the
small peaks that could result from inadequate isolation. There were two exceptions from this
general pattern of correspondence between sequence divergence and the ocellata/comensis
morphological split. The Himod assemblage displayed both ‘costei’ and ‘ocellata’ (along with
transitional) forms, but nevertheless had a single, group A, rbcL sequence (Fig. 113). The
Visovac assemblage consisted of ‘ocellata’, ‘trichonidea’ and transitional forms, of which the
first two had ODs. Cells with ODs (presumably ‘ocellata’ and ‘trichonidea’ forms) comprised
the sample used for DNA analysis. In spite of this, their 18S rDNA sequence was identical

with a ‘comensis’ sequence (type B; Fig. 112).

Discussion

Morphological and morphometric investigation

The classical form of C. ocellata with 3—5 ODs and papillae was typical of only five of the
eleven assemblages. For the purposes of comparison, the classical form is based on previous
publications (Pantocsek 1901, Hakansson 1993, Kiss et al 1996, 1999). In the original
description of C. ocellata (Pantocsek, 1901: fig. 318), this is shown with 3 ODs and a

relatively narrow striated part. In the same publication, Pantocsek also described another
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species as Cyclotella crucigera (later synonymized with C. ocellata by Fricke in Schmidt
(1906). Hustedt (1928), Hakansson (in Krammer & Lange-Bertalot 1991a) and Kiss et al. (1999)
also considered C. crucigera a synonym of C. ocellata.

A detailed reinvestigation of the type material (Kiss et al. 1999) revealed a higher degree
of morphological variability: the number of ODs varied up to ten, and could differ between
the epi- and hypovalves of the same frustule, as could the arrangement of the marginal
fultoportulae (Kiss et al. 1999: figs 16, 17).The arrangement of the marginal fultoportulae can
be irregular; the central part can be colliculate and there can be up to a dozen puncta. A
similarly high degree of morphological variability was observed in the Las Madres population
in Spain (Kiss et al. 1996), in the eutrophic Lake Dagow in Germany (Schlegel & Scheftler
1999), in the Rapel reservoir in Chile (Rivera et al. 2003), and a natural population and clones
from Gallberg-pons in NW Germany (Hegewald & Hinddkova 1997). Sometimes ODs were
missing, only valves with a colliculate central area and/or puncta in central area being
observed at the last site. Cremer et al. (2005) also illustrated several valves without ODs, but
with colliculate or completely flat valves. Edlund et al. (2003) found slightly quadrangular
valves in a Lake Hovsgol (Mongolia) population of C. ocellata. Genkal & Popovskaya (2008)
found several frustules with flat valve surfaces and a slight tangential undulation of the central
part alongside the classical form of C. ocellata in Lake Khubsulug (Mongolia). Therefore, the
presence of valves with flat surfaces in the Hungarian and Croatian assemblages is not
surprising.

SEM micrographs show that a wide range of C. ocellata, ‘C. comensis Grunow—C.
pseudocomensis Scheffler—C. costei Druart et Straub’—like and transitional forms can be
found (Figs 4-111). The morphological distinction of the individual nominal species is,

however, very difficult. Even the OD characteristic of C. ocellata cannot be found in all
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individuals, and because ODs do not break through the valve surface, valves with and without
ODs are usually indistinguishable from interior views using SEM.

Scheffler & Morabito (2003) published many SEM micrographs of C. comensis from
Lake Como. Based on their morphological characterisation and these micrographs, the
following important traits that potentially distinguish C. comensis from C. ocellata can be
noted: the central area of C. comensis is more or less tangentially undulate, sometimes
radially or irregularly corrugated, rarely, covered by radial or irregular depressions
(resembling ODs and puncta) widely differing in size, and in the number of irregularly
arranged depressions and protrusions. Striae are flat to slightly elevated, straight and of
different lengths. Scheffler & Morabito (2003) stated: ‘The single valves of this species are
similar to the structures of C. ocellata and can not be clearly classified’ (Scheffler & Morabito
2003, fig. 11). Houk et al. (2010) published many SEM micrographs of C. comensis with
slight tangential undulation and radial patterns over the central area (most valves have radially
arranged deep holes, which are identical to ODs). Scheffler & Morabito (2003) found many
small frustules with flat valve faces and called these C. comensis morphotype minima. This
form is identical with the small valves of C. ocellata from Lake Khubsugul (Genkal &
Popovskaya 2008), which becomes particularly clear if we compare Fig. 24 in Scheffler &
Morabito (2003) with Fig.2 in Genkal & Popovskaya (2008).

These transitional forms from ‘classical’ (radial symmetry of the central part) C. ocellata
through a flat valve centre to ‘classical’ (tangential undulation of the central part) C. comensis
were found in several assemblages. In Lake Himod, Lake Dunaharaszti-2012) and Lake
Ny¢ékladhaza, mixtures of classical C. ocellata forms (‘ocellata’ morph), flat intermediate
forms, and valves with very slight tangential undulation (‘comensis’ morph) were found. In
Lakes Hegyeshalom, Kunsziget, and Szany, the valves were flat or displayed a

characteristically tangential undulation at the valve centre (‘comensis’ type valves,
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resemblingthose shown in Houk et al. 2010, tab. 215, figs 4, 5). In Lake Visovac, some valves
showed the classical radially segmented C. ocellata pattern (sometimes with slightly
quadrangular contours that was characteristic of ‘trichonidea’ morph) whereas others had a
flat valve face.

Many authors have also drawn attention to the taxonomic uncertainties of the C. ocellata
‘group’. Based on light microscopy, Teubner (1995) showed that the taxonomic delimitation
of C. krammeri, C. kuetzingiana var. planetophora Fricke, C. kuetzingiana var. radiosa
Fricke, C. ocellata, C. comensis was problematic because of the polymorphism of the valve.
She demonstrated the variation between both valves of the same frustule and between
different frustules of C. ocellata and raised the question of whether morphological variants
might represent different stages in cell wall development or different life cycle stages, or
might reflect growth under differing environmental conditions. Genkal & Popovskaya (2008)
stated that many representatives of the genus Cyclotella had a very similar internal valve
view: C. ocellata, C. tripartita, C. rossii, C. polymorpha, C. kuetzingiana, C. hispanica Kiss,
Hegewald et Acs (Genkal & Popovskaya 2008).

The morphometric parameters studied by us did not show separation of the ‘ocellata’ and
the ‘trichonidea’ morph, although Ecomou-Amilli (1982) did find differences between C.
ocellata and C. trichonidea. However, she did not discuss transitional forms. Since certain
features considered characteristic of C. trichonidea (Ecomou-Amilli 1982) were not observed
in our ‘trichonidea’ morph (e.g. no remarkable difference in silicification between MFP-
bearing and non-MFP bearing costae), these specimens may represent transitional forms
between C. ocellata and C. trichonidea. 1t is therefore possible that these taxa are not the
identical, but closely related species.

Although Scheffler (1994) established C. pseudocomensis as a new species distinct from

C. comensis, he later (Scheffler & Morabito 2003, Scheffler et al. 2005) transferred it to C.
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comensis. In spite of this Houk et al. (2010), who also observed a nearly complete transition
between the typical valve morphologies of the two species, nevertheless treated them as
separate species because of their different ecological preferences. According to their results,
C. comensis prefers oligotrophic conditions, while C. pseudocomensis occurs in
oligotrophic/mesotrophic to moderate eutrophic lakes. However Genkal et al. (2015) found C.
comensis in mesotrophic and eutrophic water bodies (e.g. eutrophic Lake Rapsudozero,
Republic of Karelia). Kistenich et al. (2014) compared C. comensis, C. pseudocomensis, and
C. costei strains from eight German and Austrian lakes. Their morphological analysis
indicated that the strains formed a morphological continuum rather than three distinctly
separate groups. Therefore, they concluded that the three morphospecies comprised a single
species complex of C. comensis, including C. pseudocomensis and C. costei. The values of
morphological features (numbers of CF and RP, position of MFP and RP) observed in our
assemblages fit within that found by Kistenich et al. (2014). Our CVA supported the
conspecificity of C. comensis, C. pseudocomensis and C. costei.

Although the morphometric analysis based on the combination of several parameters
separated two morphospecies, alone or in pairs none of the studied variables clearly
distinguishes C. ocellata and C. comensis.Visual distinction of the morphospecies was
difficults and, in several assemblages, valves with intermediate, flat central area were
numerous and could be hardly classified. In addition phenotypic plasticity of single species
has been demonstrated by Kiss et al. 2002. One valve of a cell of C. hispanica had a plain
valve face with fine striation while the other valve had remarkable depressions and elevations,
and well-developed striation. The effects of the environment on valve morphology have also
been shown for C. meneghiniana (Hakansson & Chepurnov 1999). Overall, our results
suggested that these species were closely related, but their separation is possible based on

combination of characteristics (mainly OD, striae and punctum density.
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Wunsam et al. (1995) found that total phosphorus and conductivity were the two most
important environmental variables explaining the distribution of Cyclotella taxa. In their study
the ranges of conductivity and total phosphorus for C. ocellata were 137—465 uS cm™ and 4—
144 pg L™ respectively. In our study in lakes where C. cf ocellata occurred the range of
conductivity was higher (240-866 pS cm™) and total phosphorus was a little lower (9—114 pg
L™"). In lakes where C. cf comensis was present the range of conductivity spanned 425 to 872
uS cm™ and total phosphorus ranged between 42—102 pg L. Our results support the findings
of Kistenich et al. (2014), who stated that the determined genodemes were not linked to
particular trophic conditions. Moreover Fritz et al. (1993) and Stoermer &Yang (1969)
observed C. ocellata in ultra-oligotrophic lakes. It would seem, therefore that C. ocellata can
occur over a wide trophic range, and thus cannot be taken to be an indicator of trophic

conditions.

Molecular investigation:

Genetic divergence and the use of molecular barcodes

The sequenced part of the 18S rDNA involved the V4 subregion, which was found to contain
enough variation for the identification of diatom species by Zimmermann et al. (2011). The
latter proposed that an approximately 400 bp-long segment of the 18S rRNA gene including
this subregion is sufficient as a molecular barcode for diatom species. We found a 0-0.34%
(0-3 nt) difference between the studied assemblages (Nyékladhéza I, I, Szany, Hegyeshalom,
Visovac, Dunaharaszti-2012, Dunaharaszti-2013), and compared to the C. ocellata strain LBS
(Alverson et al. 2007). Two of the three divergent sites were in the V4 subregion.
Zimmermann et al. (2011) found that the average within-species p—distance varied between
0-0.53 % (a 0-2 nt difference in a 375 nt region; 123 taxa, mainly pennates). Their analyses

showed that intrageneric (i.e. interspecific) variation was significantly higher than
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intraspecific, within-strain variation. However, this does not apply to Stephanodiscus (to
which C. ocellata proved to be a closer than other Cyclotella species, Alverson et al. 2007),
because its interspecific variation is lower (Zimmermann et al. 2011, Ki 2009). Luddington et
al. (2012) supported the use of the V4 subregion as an effective diatom barcode. They
suggested a threshold of p=0.02 (2 %in a 333nt region) for interspecific variation because it
separated 96.9 % of the Thalassiosirales, Cymatosirales and Lithodesmiales species studied
by them. A p-distance of 0.01 (1 %) increased the efficacy of species separation, but
overlapped the intraspecific variation of several species, including within Cyclostephanos,
sister to Stephanodiscus (Alverson et al. 2007). Neither Stephanodiscus, nor C. ocellata
formed part of Luddington et al.’s (2012) study.

In contrast to Stephanodiscus, high interspecific divergences were detected in Cyclotella
(p—distance 1.8 %, excluding C. ocellata and C. bodanica) and Discostella (p—distance 1.3 %)
by Jung et al. (2009), although they were using the complete 18S rDNA. In their study the
lowest difference was 0.5 %, between C. atomus Hustedt and C. striata (Kiitzing) Grunow,
while they judged the variation among C. meneghiniana isolates (0.3 %) to be almost
negligible, due to the effect of concerted evolution on ribosomal genes.

In their investigation of C. comensis, C. pseudocomensis and C. costei Kistenich et al.
(2014) used partial 18SrDNA and rbcL as molecular markers, including the 18S rDNA region
suggested by Zimmermann et al. (2011), but applied the thresholds (interspecific 2 % in a 333
nt region; intraspecific <0.7 %) suggested by Luddington et al. (2012). Based on this and 0—
0.25% variation (in a 403 nt region) Kistenich et al. (2014) considered that their strains
belonged to the same species. Furthermore, their C. ocellata strain (0-0.5 % different from
the former strains) could not be separated from them. Although other markers showed greater
distances between the C. comensis/pseudocomensis/costei group and C. ocellata, a close

relationship between the two groups was indicated.

25



Applying a 2 % species threshold in the region suggested by Zimmermann et al. (2011)
to our sequences would indicate that all belong to the same species. The Visovac sample
containing C. cf ocellata and a sequence identical to the ‘comensis’-‘pseudocomensis’-
‘costei’ one seemed to support this. In addition, the minimum difference between the
sequences corresponding to C. cf ocellata (groups A and D) the sequences belonging to C. cf
comensis (groups B and C) was 1 nt (0.11%). However, 1 nt difference could occur within the
morphospecies (between groups A and D, as well as groups B and C). Moreover, high
intraspecific variability of 18S rDNA has been observed in other Thalassiosiralean genera
(e.g. Skeletonema Greville, Alverson & Kolnick 2005). However, this region could not
separate Stephanodiscus and Cyclostephanos species (see Supplementary Material Fig. 1.).
Therefore it is more probable that the region proposed by Zimmermann et al. (2011) does not
have enough variability for species separation, not only in Stephanodiscus (as the authors
found), but also in Cyclostephanos and the C. ocellata group.

In addition to 18S rDNA we used a partial sequence of the rbcL gene, which has also
been proposed as a barcoding marker (e.g. Hamsher et al. 2011, Lee et al. 2013). This gene is
more variable than 18S rDNA (Evans et al. 2007, Lee et al. 2013). The separation of intra-
and interspecific variability with rbcL is made difficult by several factors (listed in
Zimmermann et al. 2011, Hamsher et al. 2011, Stoof—Leichenring et al. 2012). Furthermore,
there is no consensus as to which region should be used and what thresholds should be
adopted for different diatom groups. We sequenced 628 nt region downstream from the start
codon and found a 0 to 0.66 % (03 nt) difference in this 454-499 nt region between the
Hungarian assemblages (Nyékladhaza I, Kunsziget, Himod, Dunaharaszti-2012, Szany) and
C. ocellata strain LB8. It is difficult to comparenthis to previous studies using regions of
various length and location, and different groups of diatoms. According to Evans et al. (2007)

0.4 % divergence (5 nt) in 1400 bp rbcL between ‘elliptical’ Sellaphora pupula (Kiitzing)
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Mereschkovsky isolates and 2.2 % (30 nt) divergence in the same region between Sellaphora
laevissima (Kiitzing) D. G. Mann isolates indicated cryptic species diversity. The divergence
in 18S rDNA between the two S. laevissima isolates was 0.4 % (8 nt). In the rbcL—-3P (a 748
bp region at the 3’ end that partly overlapped with our sequences in the 5’ direction) proposed
as a barcode by Hamsher et al. (2011) the lowest difference between Sellaphora species was
1-2 bp. In contrast, other authors found high intraspecific variability. Rimet et al. (2014)
found 2% variability in 1270 nt of rbcL of Nitzschia palea (Kiitzing) W. Smith strains and
Stoof-Leichenring et al. (2012) found 1.3—8 % in 76 nt region of S. laevissima and S. pupula.
MacGillivary & Kaczmarska (2011) determined an intra/interspecific threshold of 1 % for the
class Bacillariophyceae and 2 % for the Mediophyceae in a 540 nt region of rbcL, which

overlapped with our sequences by 219-316 nt in 5 direction.

Kistenich et al. (2014) demonstrated a<0.4 % variation between C. comensis, C.
pseudocomensis, C. costei strains in the 507 nt region. This difference was considered as the
intraspecific variability of a single species that was separated from C. ocellata by —differences
0f 0.4-0.6 %. The 0.50-0.75 % (2-3 nt in 402 nt) distance found between A rbcL group from
assemblages displaying C. cf ocellata morphospecies and other three sequence groups
belonging to C. cf comensis can be enough to separate two species. However, sequence
groups C and D corresponding to the same morphological group also differ from each other at
2 nucleotide positions. ).

The genetic divergence was low between the morphospecies and variable within
morphospecies. This was especially true for the 18S rDNA of which probably the complete
region should be sequenced to decide on the conspecificity of C. ocellata and C. comensis.
The partial rbcL sequences performed better, their divergence was higher than Kistenich et al.

(2014) found between C. comensis, C. pseudocomensis and C. costei. Moreover, the
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variability in rbcL was more corresponding to the morphospecies. Our results did not provide

enough evidence in the favour of the conspecificity of C. ocellata and C. comensis.

Phylogeny

In previous studies, the only representative of the C. ocellata group included in phylogenetic
analyses was C. ocellata LB8, and these showed that this species, along with C. bodanica,
was separated from other Cyclotella species (Alverson et al. 2007, Jung et al. 2009, Lee et al.
2013). This was supported by our results. Kistenich et al. (2014) who compared C.
comensis/pseudocomensis/costei complex to C. ocellata based on molecular markers did not
provide phylogenetic tree. In our trees a slight separation of the studied assemblages was
observed, indicating two clusters (C. cf ocellata and C. cf comensis) that may represent two
closely related species. Although Kistenich et al. (2014) emphasized the importance of
morphological and molecular investigation of clonal cultures in relation to this kind of
taxonomic issue, our results showed that communities with one Thalassiosirales species along
with primers specific mainly to Thalassiosirales also could be used. The primers we used
could amplify the wide range of Thalassiosirales, and we therefore expected mixed sequences
from samples containing cryptic species within C. ocellata/comensis (see electropherograms

in Supplementary Material Figs 4-9).

Conclusion

From the literature it can be clearly seen that there appears to be a consensus that the C.
ocellata complex should be considered a combination of morphologically diverse but related
species: C. ocellata, C. krammeri, C. rossii, C. tripartita, C. kuetzingiana, and C.

polymorpha. However, comparing the morphological characteristics of the assemblages, it is
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clear that further analyses are needed to decide the extent of the morphological variability of
this taxon.

Partial sequences of 18S rDNA and rbcL showed little (or in the case of Visovac no)
variation in samples with different morphs, and the difference was also low when compared
to C. ocellata, C. comensis, C. pseudocomensis, and C. costei. The latter three taxa are
probably conspecific, closely related to C. ocellata (Kistenich et al. 2014), as our results seem
to support. The distinction of C. ocellata and C. comensis based on the combination of
morphometric parameters and their slight but evident phylogenetic separation contradict the
hypothesis of their conspecificity. Our results suggest that C. ocellata and C. comensis are

two very closely related species that have only recently diverged from one another.
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Table 1. Description of sampling sites. gp=gravel pit lake, Hu=Hungary, Cr=Croatia, Tr=Turkey, ad=average depth, md=maximal depth

Name of water/ closest GPS/country Area and Trophic level Anthropogenic Special remarks
town/type of water body depth influence
Lake Balaton/ N 46°58'58.52" E  Area: 59300 ha, mesotrophic recreation biogenic chalk
Alsoors/ 17°58'37.57" ad: 3.2 m, md: precipitation
natural Hu 122 m
Lake Him6d/Himod/gp N 47°31'49.7" Area: 6 ha eutrophic fishing lake rich in
E 17°0129.8" Hu md: about 20 m fish
Lake N 47°20'30.88" E  Area: 10.4 ha, mesotrophic jet-ski track
Dunaharaszti/Dunaharaszti  19°07'03.07" Hu  md: 4-5m
/gp
Lake Ny¢ékladhaza/ N 47°58'55.26"E  Area: 361 ha, oligo-meso- group of currently
Nyékladhaza/ 20°53"26.09" md: 30 m trophic mined lakes
gp Hu
Lake Hegyeshalom/ N 47°54'06.1" E  Area: 70 ha, meso-eu- diving, fishing,
Hegyeshalom/gp 17°08'53.8" md: 50 m trophic surfing
Hu
Lake Csiszl6i/ N 47°43'58.7" E Area: 3.7 ha eutrophic fishing lake rich in
Kunsziget/ gp 17°30'05.6" Hu md: about 20 m fish
Lake Szany/Szany/gp N 47°26'53.7" E Area: 5 ha eutrophic fishing lake

17°18'19.8" Hu

md: about 20 m
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Table 1 continued. Description of sampling sites. gp=gravel pit lake, Hu=Hungary, Cr=Croatia, Tr=Turkey, ad=average depth, md=maximal depth

Name of water/ closest GPS/country Area and Trophic level  Anthropogenic Special remarks
town/type of water body depth influence
Lake Visovac/ N 43°48'05.35" E  Area: 790 ha, oligo-meso- national park situated on Krka
Losovac/natural, warm, 15°58'34.79" maximal depth:  trophic River bounded by two
monomictic. Cr 55m travertine barriers
Inli Plateau/Spring N 39°27'48.42" oligotrophic typical holocrene

E 30°20'02.28" mountain spring

Tr
Yalova/ N 40°36'40.01" eutrophic small stream of
Stream E 29°13'00.14" Marmarean river

Tr basin




Table 2. Water chemical parameters measured at the sampling sites (except at Inli spring). Cond.=conductivity, Turb.=turbidity, DO=dissolved oxygen

Cond. DO Turb. Cr COs>  HCO;”  Ca* Mg* TP PO,P NO;-N NH,N Chla
water (uSem’) pH (mgL') (NTU) (mgL"') (mgL') (mgLh) (mgL) (mgL"h (ugLh (ugL") (mgL"h (mgL") (pgL™
Lake Balaton 7500 86  11.3 4.0 88.0 27.0 274.0 37.0 66.0 26.8 13.5 0.01 0.040 6.30
Lake Himéd 5048 8.5 8.7 4.7 52.4 16.9 85.9 53.7 15.3 113.6 20.6 0.1 0.002 1543
Lake
Dunaharaszti 8719 7.2 8.0 43 143.3 8.4 180.4 53.1 52.5 42.3 9.7 0.21 0.051 -
Lake
Nyékladhéza 866.0 8.0 9.4 7.7 47.5 0.0 106.7 115.3 - - - - - -
Lake
Hegyeshalom 6114 8.0 0.1 59.0 16.9 107.4 58.1 18.3 64.6 19.4 2.4 0.000 2.38
Lake Csiszloi at
Kunsziget 8359 8.1 8.0 3.0 64.9 16.9 128.8 76.4 40.6 101.8 27.8 0.2 0.006 2.24
Lake Szany 4248 6.5 8.2 10.2 60.2 8.4 60.1 50.0 11.6 90.6 20.6 0.1 0.002 4.59

Lake Visovac 452.0 7.9 9.7 - - - - - 9.0 6.0 0.1 0.005 6.78

Yalova stream 240.0 7.6 8.9 - 10.0 - - - - - 40.0 —




Table 3. Primers used in the molecular study

Name Marker Sequence (5’ to 3°) Reference
Medlin-A' 18S tDNA  AACCTGGTTGATCCTGCCAGT Medlin et al. (1988)
Sk-600F>* 18S rDNA  AAATCCCTTATCGAGTATCA Duleba et al. (2014)
Sk-900F° 18S tDNA  TTGGTTTGCGAGTCAAAGTA Duleba et al. (2014)
Sk-1550R'~* 18S rDNA  TCTCGGCCAAGGTTATAT Duleba et al. (2014)
rbcL66F' rbcL TTAAGGAGAAATAAATGTCTCAATCTG Alverson et al. (2007)

Sk-rbcL400F>* rbcL

ATTAACTCTCAACCATTCATGC

Duleba et al. (2014)

Sk-rbcL975R > rbcL

CAACATCATCACCTAAATAGTG

Duleba et al. (2014)

'primers for the first PCRs, “primers for seminested PCRs, “sequencing primers.
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Table 4. Morphometric data of the morphs.

number of
number radially
diameter of of striac number of number number of number of  symmetric
valve the central ~ number in 10 um marginal of orbiculi divided valve
diameter area of striae fultoportulae puncta  depressi striae sectors
14.2—
‘ocellata’ 4.0-15.5 1.7-9.3 25-87 243 629 0-19 0-6 0-19 0-5
14.8—
‘trichonidea’ 8-15.5 3.2-10.3 47-87  19.5 13-21 0-3 3 0-6 3
15.9—
‘coster’ 43-9.2 1441 2857 244 4-15 0-19 0 0-14 0-2
16.8—
‘comensis’ 4893 2144 29-54 234 6-13 4-24 0 0-9 07
17.0—
‘pseudocomensis’ 6.3—10.8 3.8-5.9 3863 19.2 7-11 11-16 0 0-3 02
16.4—

‘transitional’ 3.0-10.2 1.5-53 2660  26.0 5-17 0-18 0-3 0-14 0-3




Table 5. Accession number of sequences acquired from Cyclotella ct ocellata and C. cf

comensis assemblages and their identity with C. ocellata strain LB8 sequences from

GenBank.

Identity Identity
Sample Type of 18S rDNA | with C. rbcL with C.

DNA sample | sequence ocellata sequence ocellata

(nt/nt) (nt/nt)
Himéd Communty | _ KJ755338.1 ?163640%
12)(;11113aharaszti- g)ﬁl:lunity KJ755342.1 (799;1/8779;) : B B
ggf;harami' ‘S’;&nunity KJ755348.1 (9;)99 /7981 ({A) ) |KITss30.l ?9591./342%
fyéklédhé‘za isolated cells | KJ755343.1 ?97;?97 y ) |Ko7ss3aT ?19096402?
i\II'yéklédhéza isolated cells | KJ755345.1 ?9793/6867 EA)) — —
Hegyeshalom g’&ngn“nity KJ755346.1 ?9097. /7850 2@ - -
Kunsziget CD()IiIngnunity — — KJ755340.1 ?9591/342 f);))
Szanyi ‘S’;&nunity KJ755347.1 59595/7875 Z/O) KJ755341.1 ?5;?2%
Visovac isolated cells | KJ755344.1 ?97; /7877 ?A)) — —
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Table 6. Pairwise differences (uncorrected p-distance values expressed in percentage)

in 18S rDNA among the Cyclotella cf. ocellata and C. cf comensis assemblages and C.

ocellata strain LB8 (accession number DQ514904). Numbers of the different

nucleotides are in parentheses.

@ a
§ § = = x
S5 88| & S
£ £ 5 5 2 o | S
< < = = 6 - s S
g £ % & g = 2 S
= = > > 5} g 2 .
A ) Z. Z T 75} > O
Dunaharaszti- B
2013
Dunaharaszti- 0.13 3
2012 (1)
14 AL~ 0.11
Nyékladhéza 1. 0(0) (1) —
0.25 0.11
Nyékladhaza I1. 0.23 (2 -
4 @ | @
Hegyeshalom 0('11)3 0(0) [0.12(1)]0.12 (1) —
Szany 0('11)3 0(0) |0.121)]012()| 00) | -
Visovac 0('11)3 0(0) [0.11(1)[0.11(1)| 0(0) 0 (0) -
0.13 0.22
C. ocellata LB8 (1 2) 0.11(1)]0.34(3)]0.25(2)| 0.23 (2) [0.22 (2) |-
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Table 7. Pairwise differences (uncorrected p-distance values expressed in percentage)

in rbcL among the Cyclotella cf ocellata and C. cf comensis assemblages and C.

ocellata strain LB8 (accession number DQ514832). Numbers of the different

nucleotides are in parentheses.

N
S ~ oo
5 g 2
& £ - g
s < 80 =
3 g 3 B 2 B
£ 5 2. 5 3 S
ani A Z N n O
Himoéd -
Duna-haraszti-2012 | 0.66 (3) —
Nyéklad-haza I. 0(0) 0.66 (3) —
Kunsziget 0.66 (3) 0(0) 0.66 (3) —
Szany 044 (2) | 022(1) | 0.44(2) | 0.22(0) —
C. ocellata LB8 0(0) 0.66 (3) 0 (0) 0.66 (3) | 0.44(2) -
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Figure captions

Fig. 1. Sampling sites. Stars: samples only used for morphometric analysis, black
points: samples used for DNA and morphometric analysis. 1 = Lake Balaton, 2 = Lake
Himod, 3 = Lake Dunaharaszti, 4 = Lake Nyékladhaza, 5 = Lake Hegyeshalom, 6 =
Lake Csiszl6i at Kunsziget, 7 = Lake Szany, 8 = Lake Visovac, 9 = Inli spring,

10=Yalova stream.

Fig. 2. Morphometric parameters measured, and morphological features counted, on the
valves from outside (a) and inside (b) views.

Abbreviations: d = valve diameter, dCA = diameter of the central arca, OD = orbiculi
depressi, MFP = marginal fultoportula, CFP = central fultoportula, RP = rimoportula,

RP ang = orientation of the rimoportula labium

Figs 3—14. Cyclotella cf ocellata assemblage from Lake Balaton (Figs 3—11. classical

‘ocellata’ form). Scale bar = 5 pm.

Figs 15-26. Cyclotella ct ocellata assemblage from Lake Himod (Figs 15-16. Classical
‘ocellata’ form, Fig. 17. Transitional form, Figs 18-22. ‘costei’ form). Scale bar =5 um

(Figs 1518, 20, 22, 24-26); 2.5 um (Figs 19, 21, 23).

Figs 27-38. Cyclotella cf ocellata assemblage from Lake Dunaharaszti in 2013 (Figs 27—

34. Classical ‘ocellata’ form, Fig.35. ‘costei’ form).Scale bar = 5 um (Figs 27, 31-33, 35—

38); 2.5 um (Figs 28-29); 2 um (Figs 30, 34).
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Figs 39-50. Cyclotella ctf comensis assemblage from Lake Dunaharaszti in 2012 (Fig. 39.
classical ‘ocellata’ form, Figs 40-42. ‘comensis’ form, Fig. 43. transitional form, Figs 44—
48. ‘costei’ form). Scale bar =5 um (Figs 39, 41-44, 47, 49); 3 um (Figs 45-46); 2 um

(Figs 40, 48, 50).

Figs 51-62. Cyclotella ct ocellata/comensis assemblage from Lake Nyékladhaza (Figs 51—
52. classical ‘ocellata’ form, Fig. 53. ‘pseudocomensis’ form, Figs 54-55. ‘comensis’
form, Figs 56-58. aff. ‘comensis’ form, Fig. 59. ‘costei’ form). Scale bar = 10 pm (Figs 51,

52,61, 62); 5 um (Figs 53, 55, 57, 59, 60); 2.5 um (Figs 54, 56, 58).

Figs 63—74. Cyclotella cf comensis assemblage from Lake Hegyeshalom (Figs 63—68.
‘comensis’ form, Figs 69—72. ‘costei’ form). Scale bar =5 um (Figs 66, 68, 69, 73); 2.5 um

(Figs 63, 64, 72, 74); 2 um (Figs 65, 67, 70, 71).

Figs 75-86. Cyclotella ct comensis assemblage from Lake Csiszloi at Kunsziget; Figs 75—
82. ‘comensis’ form, Figs 83—85. ‘costei’ form). Scale bar = 5 um (Figs 75-77, 80—-82,

84); 2.5 um (Figs 85-86); 2 um (Figs 78, 79, §83).

Figs 87-98. Cyclotella ctf comensis assemblage from Lake Szany (Figs 8789, 92.
‘comensis’ form, Figs 90, 91, 93. aff. ‘costei’ form, Figs 94-95. ‘costei’ form, Fig. 96.
initial cell). Scale bar = 10 um (Fig. 96); 5 um (Figs 87, 89, 92, 93, 95, 97, 98); 2.5 um

(Figs 88, 90, 91, 94).
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Figs 99-110. Cyclotella cf ocellata assemblage from Lake Visovac (Figs 99-104; Figs

99-100. classical ‘ocellata’ form, Figs 101, 104. aff. ‘trichonidea’ form, Figs 102—103.

aff. ‘comensis’ form); Inli (Figs 105—-106. aff ‘ocellata’ form) and Yalova (Figs 107-110;

Fig. 107. classical ‘ocellata’ form). Scale bar = 10 um (Fig. 104); 5 um (Figs 99—-101, 105,

106, 109, 110); 2.5 um (Figs 102-103); 2 pm (Fig. 107); 1 um (Fig. 108).

Fig. 111. Scatter plot of canonical variates analysis. The circle represents the ‘ocellata’,

the star the ‘trichonidea’, the square the ‘costei’, the triangle the ‘comensis’, the
diamond the ‘pseudocomensis’, the cross the transitional forms. See abbreviations of

variables in the Morphological analysis section of the Materials and methods.

Fig. 112. Parsimony network of the partial 18S rDNA sequence types.

Fig. 113. Parsimony network of the partial 7bcL sequence types.

Fig.114. Bayesian inferred phylogenetic tree of combined data constructed using
Hasegawa-Kishino-Yanomodel with gamma distribution for 18S rDNA and Tamura-
Nei model with gamma distribution for rbcL. Cyclotella meneghiniana LS03-01 and
TI11 strains and C. striata were used as outgroup. Scale bar represents 0.009

substitutions per site. Posterior probabilities (express in percent) are indicated at the

nodes. Sequences acquired in this study are in bold. Sorting of sequences into groups is

explained in the text.
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Supplementary Material Fig. 1. Scatter plot matrix. See abbreviations of variables in
the Morphological analysis section of the Materials and methods. Symbols represent the
morphs: circle=‘ocellata’, star="‘trichonidea’, triangle=‘comensis’,

diamond="‘pseudocomensis’, square=‘costei’, cross=transitional form.

Supplementary Material Fig. 2. Maximum likelihood tree for 18S rDNA sequences
constructed using Hasegawa-Kishino-Yano model with gamma distribution. Cyclotella
meneghiniana LS03-01 and TI1 strains and C. striata were used as outgroup. Scale bar
represents 0.005 substitutions per site. Available GenBank accession number of the
used sequences is provided in the name of the taxa. Bootstrap values are indicated at the
nodes. Sequences acquired in this study are in bold. C. cf ocellata Dunaharaszti 2013
represents the sequence type A, C. cf comensis Szany the type B, C. cf comensis

Nyékladhaza II the type C. Cyclotella ocellata LB8 was considered type D.

Supplementary Material Fig. 3. Maximum likelihood tree for rbcL sequences
constructed using Tamura-Nei model with gamma distribution. Cyclotella
meneghiniana LS03—-01 and TI1 strains and C. striata were used as outgroup. Scale bar
represents 0.01 substitutions per site. Available GenBank accession number of the used
sequences is provided with the name of taxa. Bootstrap values are indicated at the
nodes. . Sequences acquired in this study are in bold. C. ocellata 1L B8 represents the
sequences type A, C. cf comensis Szany the type B, C. costei Giiltzsee the type C, C. cf

comensis Kunsziget the type D.
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Supplementary Material Fig. 4. Selected parts of electropherogram of C. cf ocellata
Himod acquired with Sk-rbcL-400F primer. Arrows indicate the sites diverging between

the sequence groups.

Supplementary Material Fig. 5. Selected parts of electropherograms of C. cf ocellata
Ny¢ékladhaza I acquired with Sk-600F and Sk-1550R primers. Arrows indicate the sites

diverging between the sequence groups.

Supplementary Material Fig. 6. Selected parts of electropherogram of C. cf ocellata
Nyékladhaza I acquired with Sk-rbcL-975R primer. Arrows indicate the sites diverging

between the sequence groups.

Supplementary Material Fig. 7. Selected parts of electropherograms of C. cf comensis
Ny¢kladhaza II acquired with Sk-600F and Sk-1550R primers. Arrows indicate the sites

diverging between the sequence groups.

Supplementary Material Fig. 8. Selected parts of electropherogram of C. cf comensis
Dunaharaszti 2012 acquired with Sk-600F primer. Arrows indicate the sites diverging

between the sequence groups.

Supplementary Material Fig. 9. Selected parts of electropherogram of C. cf comensis

Dunaharaszti 2012 acquired with Sk-rbcL-400F primer. Arrows indicate the sites

diverging between the sequence groups.
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Type A:
C. ocellata Dunaharaszti 2013
C. ocellata Nyékladhaza 2012 1
C. ocellata Kiesgrube Krugsdorf

TypeD:
Cyclotella ocellata LB8

TypeB :
C. ocellata Visovac
C. comensis Dunaharaszti 2012
C. comensis Hegyeshalom 2013
C. comensis Szany 2013
C. comensis Baggersee
C. pseudocomensis Haussee
C. costei Giiltzsee
C. costei Fernsteinsee

Type C:
C. comensis Nyékladhéza 2012 IT

Fig. 112
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Type A:
C. ocellata LB8

C. ocellata Kiesgrube Krugsdorf

C. ocellata Nyékladhaza 2012 1

C. ocellata Himod 2013

Type B:
C. comensis Szany 2013
C. comensis Baggersee
C. costei Fernsteinsee
C. pseudocomensis Haussee

Type C:
C. costei Giiltzsee

Type D:
C. comensis Kunsziget 2013
C. comensis Dunaharaszti 2012

Fig. 113
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