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ABSTRAKT
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1 INTRODUCTION

1.1 Characteristics of diatoms and genus Pinnularia

Diatoms (Bacillariophyceae, Diatomea) are a monophyletic taxon (Cavalier-Smith & Chao
2006) of unicellular photoautotrophic eukaryots which is uniquely distinguished from other
taxa by two features: (1) complex siliceous cell wall called the frustule (Round, Crawford
& Mann 1990) and (2) gradual cell size reduction in a process of reproduction (Mann
& Marchant 1989). The second feature is direct consequence of the first. By morphology,
they can be divided into two distinct groups — centric and pennate diatoms. Centric diatoms
(Centrales) are characterized by radial symetry of the cell, whereas pennate diatoms
(Pennales) are organized bilaterally. However, this traditional morphology-based division
IS not supported by molecular evidence (Medlin et al. 1993; Alverson & Theriot 2005,
Evans et al. 2007) and paraphyly of centric diatoms is suggested (Round, Crawford
& Mann 1990; Medlin et al. 1996). On the other hand, pennate diatoms represent
monophyletic taxon within centric diatoms (e.g. Simonsen 1979; Medlin et al. 1996;
Theriot et al. 2009) and can be divided into two morphologically distinct groups — raphid
and araphid diatoms. Raphid diatoms are distinguished from araphid by a presence
of characteristic longitudal slits through the valve which are called the raphe system
(Round, Crawford & Mann 1990). This system allows locomotion and adhesion of the cell
to the substratum (Edgar & Pickett-Heaps 1983). Raphid diatoms appeared in fossil record
in the Upper Cretaceous (around 70.6-55.8 Ma; Pantocsek 1889; Chacon-Baca et al. 2002;
Singh et al. 2006) and since then they diversified enormously. Nowadays raphid diatoms
represent vast majority of 200 000 extant diatom species estimated to exist (Mann & Droop
1996). The rate of diversification indicates evolutionary advantage bestowed by the raphe
system (Sims et al. 2006).

Diatom genus Pinnularia Ehrenberg (1843) is classified as a member of order
Naviculales and family Pinnulariaceae (Round, Crawford & Mann 1990) or Naviculaceae
(Scott & Thomas 2005). The origin of the genus is not yet satisfactorily dated. The oldest
known fossils of diatoms which are reliably assigned to the genus are 35-32 Ma old
(Lohman & Andrews 1968). However, most recent estimation based on time-calibrated
multi-gene phylogeny suggests the genus to be 50-75 Ma old (Souffreau et al. 2011). Since
then it diversified greatly and became one of the most species-rich genus of raphid

diatoms. To date, there is 2703 taxon names in Algaebase of which 693 are currently
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taxonomically accepted (Guiry & Guiry 2016). Almost all of these taxa live solitary
but few of them form chains (Krammer 2000) or band-shaped colonies (Round 1988).
The genus is considered cosmopolitan and occurs (with the exeption of 10 marine forms)
in freshwater habitats, preferably with a low electrolyte content (Round, Crawford & Mann
1990; Krammer 2000). Cells are very variable in size. Their naviculoid valves are linear,
lanceolate or even elliptical. Poles are blunt, sometimes rostrate or capitate. Cell wall is
complex and composed of inner and outer wall. This double-walled valve structure
and multiseriate usually alveolar striae are characteristic for the genus. Raphe system is
usually central with expanded central endings and long hooked terminal endings. Raphe
may sometimes be complex, especially at large forms. Two large plate-like plastids are
either separate and paralel or united by central isthmus, forming single H-shaped plastid
(Round, Crawford & Mann 1990).

Phylogenetic relationships within the genus has been unknown until recently.
The phylogeny of the genus has been inferred dividing it into three clades and several
subclades (Fig. 1; Souffreau et al. 2011). Clade B sensu Souffreau et al. (2011) consists
of three distinct subclades called grunowii, nodosa and subgibba. The subgibba subclade is
in the focus of this thesis research. Both Clade B and subbgiba subclade are very well
statistically supported (Fig. 1). Moreover, the specimens within these clades posses certain
combination of morphological features which distinguish them from other clades
of Pinnularia (Fig. 2). They contain small linear cells with drop-like central raphe endings
(Fig. 2a) and large alveolar openings (Fig. 2b). Inaddition, specimens of subgibba
subclade (henceforth referred to as Pinnularia subgibba group) are usually elongated
in shape with two girdle-apressed paralel plastids (Fig. 2c) and broad non-porous central
area called the fascia (Fig. 2d; Souffreau et al. 2011).

The study of diatoms is important for several reasons. Firstly, diatoms are enormously
diverse group of microorganisms with more than 200 000 extant diatom species estimated
to exist (Mann & Droop 1996). Vast majority of these species is unknown. Secondly,
diatoms are ecologicaly extremely significant. They contribute cca. 20% to global primary
production (Werner 1977; Mann 1999) and are important part of food webs in most aquatic
ecosystems. Thirdly, they are being used for routine assessments of general water quality,
eutrophication and acidification in many countries (Whitton & Rott 1996). Finally, they
synthesize relatively high amount of energy-rich oils which gives them great

biotechnological potential for production of biofuel (e.g. Chen 2012).
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Figure 1. Adjusted from Souffreau et al. (2011) and edited. Phylogenetic relationships within
genus Pinnularia inferred from five-locus DNA alignment using maximum likelihood under
partitioned model. Numbers at nodes indicates statistical support, ML bootstrap proportions - Bl
posterior probabilities (both given as percentages). Encircled numbers represent nodes constrained

in the relaxed molecular clock analysis. Subgibba subclade is indicated by red rectangle.
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Figure 2. Adjusted from Souffreau et al. (2011) and edited. Supporting SEM (a and b) and LM
(cand d) micrographs showing morphological characteristics of Pinnularia subgibba group:
external drop-like raphe endings (a), large alveolar openings (b), paralel plastids (c) and fascia (d).

Scale bars represent 2 um (a and c¢) and 5 um (b), respectively.

1.2 ldentification of diatom species

In general, discovery of microorganisms is connected with the invention of light
microscope in 17" century and microscopy remained one of the major tools
for identification of microscopic species ever since. This tool was further enhanced
by invention of electron microscope in 1930s. Microscopic observations also allowed
to gather biogeographical and ecological data about microorganisms. Further developments
in life sciences (esp. emersion of evolutionary biology, genetics, phylogenetics
and molecular biology) led to introduction of molecular characters into systematics of life
in 1980s and especially in 1990s. Moreover, development in cultivation technics allowed
study of physiology (incl. reproduction) and life cycles of microorganisms. Also
in diatoms, morphological, ecological, biogeographical, physiological and molecular

characters can be, in theory, used for identification of species.
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It has allready been mentioned above that diatoms are characterized by siliceous cell
wall or the frustule. This characteristic feature has several implications on both alpha
taxonomy and systematics of diatoms in general. Firstly, frustule possess distinct
morphological traits which are often considered to be specific and thus useful
for identification of diatom species. These traits include stria density, raphe characteristics,
detailed valve structure and overall shape, lenght and breadth of a valve. Secondly, solid
character of frustule cause diatoms to leave relatively well preserved fossils. This rare trait
among microorganisms is undoubtly great advantage for diatomologists (e.g. Theriot et al.
2006; Souffreau et al. 2011). Thirdly, two unequally sized halves of a frustule are passed
on daughter cells during asexual reproduction which results in gradual cell size reduction
in population (MacDonald 1869; Pfitzer 1869). However, size reduction has its limits
(e.g. Werner 1971; Edlund & Stoermer 1991) and cell size restoration is vital for survival
of the population. It is usually achieved via sexual reproduction (e.g. Geitler 1932; Round,
Crawford & Mann 1990) and its necessity allows us to apply biological species concept
(Mayr 1942; Mayr 1946) on diatoms. Finally, we can hypothesize that frustule synthesis is
relatively expansive process resulting in relatively low rate of reproduction
and consequently low rate of population growth. Moreover, considerable number of diatom
species can survive and reproduce only under relatively specific environmental conditions
(e.g. Round, Crawford & Mann 1990; Stenger-Kovacs et al. 2007; Toporowska et al.
2008).

To summarize, morphological features on a frustule, fossilization, obligate sexual
reproduction and specific environmental requirements may be helpful in attempts
to delimit and identify diatom species. On the other hand, low growth rate and also specific
environmental requirements makes considerable number of diatom species relatively
difficult to cultivate which limits the rate of investigation of their physiological
(incl. reproduction), ecological and to some extent even molecular characters. It also limits
the examination of phenotypic polymorphism, phenotypic convergence and consequently
cryptic species diversity. These limitations and practical difficulties have serious
consequences of which | will emphasize two: (1) progress in investigation of diatom
species diversity is relativelly slow and (2) morphology of diatoms is still being used
as the major or even exclusive line of evidence not only for routine identifications
but also for description of new species, even though importance of polyphasic approach

in systematics of microorganisms is emphasized. It is well known that morphology-based
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identification always carries certain level of subjectivity and even experienced
diatomologists frequently disagree about identifications (Mann et al. 2010). Possible

solution could be DNA barcoding.

DNA barcoding is a diagnostic technique in which short DNA sequences are used
for unique characterization of species. The main advantage of DNA barcodes is that it
allows an objective and unambiguous identification. On top of that, the DNA barcode
sequence can point at the possible presence of an additional unknown species diversity, but
only if the chosen barcode marker has sufficient resolution. In recent years, the widespread
applications of DNA barcoding have resulted in a fast accumulation of DNA barcode
sequences. Also in diatoms, DNA barcoding can be very useful given the often difficult
identifications and the presence of large and mostly unknown cryptic species diversity
(Mann et al. 2010). However, to this end, we need to build a DNA barcode database
for diatoms. To build up a functional and widely used DNA barcode database it is
important to choose best fitting barcode markers. In general, there are several criteria
for a barcode marker such as universality, resolution and practicality (based on Hamsher
etal. 2011). Universality means potential of the marker to be used for amplifying
sequences of as wide range of taxa as possible while keeping as good quality
of identification as possible. Resolution means discriminative power of marker. It should
be high enough to distinguish even between closely related species. Practicality is also
criterion of high priority as barcoding is meant to be used routinely. It means ability to be
used for as low time and financial expenses as possible. Both time and financial expenses
arise from the number of primer pairs used in the process of obtaining sequences. Ideal
barcode marker should have high universality, high resolution and low expenses. In reality
it is important to find balanced compromise between all criteria mentioned above. To date,
several barcode markers were evaluated and discussed, including 18S rDNA, 28S rDNA,
ITS rDNA, UPA, rbcL, psbA and COX1 (for review see Mann et al. 2010).
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2 AIMS

This master thesis research is part of superrior research project with the ultimate aim
to suggest a well supported hypothesis about species limits within the genus Pinnularia,
one of the most species-rich genus of raphid diatoms. Ideally, this hypothesis should be
aresult of polyphasic approach based on molecular, morphological, physiological
(incl. reproductive), ecological and biogeographical characters. However, fulfillment
of this ultimate aim would be too demanding (in terms of both time and finance) for master
thesis project. Therefore, species limits within only one clade of the genus (Pinnularia
subgibba group) was chosen to be investigated in detail.

In species delimitation process, primary and secondary hypothesis on species limits
should be achieved (e.g. Goldstein & DeSalle 2011; Puillandre et al. 2012). Primary
hypothesis is based exclusively on molecular data. In order to achieve it, decision
about which molecular markers should be used have to be made first. To date, several
molecular markers have been proposed for identification of diatom species (Evans
et al. 2007; Jahn et al. 2007; Mann et al. 2010; Hamsher et al. 2011) and their potential
to distinguish between closely related species of Pinnularia has been investigated
and compared in this study. Primary hypothesis, thereafter, should be confronted
with additional characters and criteria (polyphasic approach). This confrontation results

in formulation of secondary hypothesis about species limits.
To sumarize, the aims of the master thesis are:

(1) to investigate and compare different molecular markers® potential to distinguish

between closely related species of genus Pinnularia,

(2) to use markers with the greatest potential to suggest primary hypothesis about species

limits within Pinnularia subgibba group and

(3) to evaluate a congruence of this hypothesis with morphology and, if possible, other

available lines of evidence.
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3 MATERIAL AND METHODS

In sake of clarity | found it usefull to include diagram of workflow of the thesis research
(Fig. 3).

Marker comparison
Dataset A

Comparison of molecular markers

DNA extraction, amplification and sequencing

F Dataset B ﬁ

28S rDNA-based delimitation COX1-based delimitation

I__l_l

Comparison of COX1 and 28S rDNA delimitation results

Confrontation with additional lines of evidence

(especially morphology)

Figure 3. Simplyfied flowchart of the thesis research. Dataset A represents two subdatasets:
Al and A2. However, their divison is not important for subsequent work (primary and secondary

hypotheses formulation) which is the reason why they are kept together in the diagram.
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3.1 Comparison of molecular markers

Dataset A formation

One mitochondrial (COX1), two nuclear (28S rDNA, 18S rDNA) and two plastid (rbcL,
psbA) markers were chosen for investigation and comparison of their potential for species
delimitation and DNA barcoding of Pinnularia. Potential is based mainly on the criterion
of resolution (i.e. discriminative power) of a marker which should be high enough
to distinguish between closely related species (see 1.2 Identification of diatom species).
Moreover, separate V4 region of nuclear 18S rDNA (V4 18S rDNA) and 748 bp at 3’ end
of plastid rbcL (rbcL-3P) were examined and compared with others for they are the most
variable parts of 18S rDNA and rbcL, respectively (Hamsher et al. 2011; Zimmermann,
Jahn & Gemeinholzer 2011). To distinguish V4 18S rDNA region in 18S rDNA sequences
primer sequences D512-F and D978-R were used (Zimmermann, Jahn & Gemeinholzer
2011). Todistinguish 748 bp of rbcL-3P CfD-F (Hamsher et al. 2011) and DPrbcL7-R
(Levialdi-Ghiron 2006) primer sequences were used. In addition, we decided to compare
D1, D2 and D3 regions of28SrDNA with each other. This decision was

based on the preliminary results of the comparison.

Sequences used for comparisons of COX1, 18S rDNA, V4 18S rDNA, 28S rDNA,
rbcL, rbcL-3P and psbA were taken from published data (Souffreau et al. 2011)
and formed Dataset A (Figure 3). It is divided into two subdatasets. Subdataset A1l was
created by selection of 24 strains for which sequences of all markers were available
(Appendix D - Supplementary Table I). Decision to use 100% complete dataset was made
to avoid large inconsistency in output data which would make further work more difficult.
Detailed characteristics of the alignments are given in Appendix D - Supplementary
Table 11. Comparison of D1, D2 and D3 regions of 28S rDNA is based on Subdataset A2.
It consists of 27 strains for which full 28S rDNA sequences (i.e. all D1, D2 and D3 regions
were included) were available (Appendix D - Supplementary Table Ill). Strains were
selected in order to cover morphological variability within genus. To distinguish D2 region
T16N-F (Hamsher et al. 2011) and D2C-R (Souffreau et al. 2011) primer sequences were
used. Notice that problems occurred with distinguishing D1 and D3 regions by primer
sequences and exact position ranges of the regions were not found. Therefore D1 and D3
regions as referred in this study may not be exactly identical with real D1 and D3 region

borders. In this study D1 includes cca. 350 bp in front of the beginning of D2 region
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(distinguished by T16N-F primer sequence as mentioned above) and D3 includes cca. 350
bp behind the end of D2 region (distinguished by D2C-R primer sequence).

Sequence alignment

Sequences of 24 strains for each marker were aligned automatically using MUSCLE
algorithm as implemented in MEGAG6 (Tamura et al. 2013). All alignments were then
checked and corrected manually if needed. Separated alignments of D1, D2 and D3 regions

were made following the same procedure.
Evolutionary distance based marker comparison

Comparison of molecular markers itself is based on evolutionary (or genetic) distances
(p-distance and number of differences). Separate alignment of each marker was used
to compute p-distances and numbers of differences from between the sequences using
MEGAG6 under default settings. Both kinds of evolutionary distances were used separately

to compare each possible marker pair using visualization in MS Excel 2010.

3.2 Phylogenetic species delimitation

Taxon sampling and Dataset B formation

Firstly, all Pinnularia sensu lato (i.e. Pinnularia + Caloneis) strains were identified
in Diatoms Collection of Belgian Co-ordinated Collections of Micro-organisms
(BCCM/DCG) hosted by Laboratory of Protistology and Aquatic Ecology (PAE, Gent
University, Belgium) and their 28S rDNA were sequenced as described below. In addition,
all  available  Pinnularia  sequences were downloaded from  GenBank
(www.ncbi.nlm.nih.gov/genbank). This process resulted inoverall dataset of 246
Pinnularia strains. Records for these strains were created on Barcode of Life Data Systems
(BOLD, www.boldsystems.org) and are continuously updated. However, they will be set
publicly accessible after proper publication of the results. Secondly, preliminary maximum
likelihood (ML) phylogeny based on 28S rDNA was produced in order to select clade
for detailed examination of species limits. Pinnularia subgibba group (as distinguished
by Souffreau et al. 2011) appeared to be the largest (in term of number of strains) and well
supported (1000 generations bootstrap support = 0.99) clade of the tree. It consists of 105
of total 246 Pinnularia strains and therefore was selected to be examined in detail. Finally,
105 28S rDNA sequences of Pinnularia subgibba group strains were examined

for presence of identical sequences. From each identical sequence three (if possible) were
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selected (preferably from different samples) in order to include all species and intraspecific
variability within the group. This process resulted in 59 strains of Pinnularia subgibba
group (Appendix D - Supplementary Table IV) with no strains downloaded from
GenBank. Information on the origin of these strains is given in Appendix D -
Supplementary Table V. Decision to use 28S rDNA and COX1 for phylogenetic species
delimitation was made according to the results of molecular markers comparison
(4.1 Comparison of molecular markers). Attempts to obtain COX1 sequences for all
59 strains were made following the procedure described below. However, | repeatedly
failed to obtain COX1 sequences for 12 of these 59 strains (indicated by asterisk
in Appendix D — Supplementary Table V). Possible causes of the failure are discussed
below (5. Discussion). Whole process resulted in Dataset B which consists of 28S rDNA

sequences for 59 strains and COX1 sequences for 47 strains.
DNA extraction, PCR amplification and sequencing

Diatoms were harvested and prepared for DNA extraction by centrifugation. DNA was
extracted following Zwart et al. (1998) without the last purification step. 28S rDNA
sequences were amplified in two separate reactions, one for D1-D2 region and the other
for D2-D3 region. DNA sequences of D1-D2 region were amplified using PCR primers
D1R-F (forward) and D2C-R (reverse). Sequences of D2-D3 region were amplified using
PCR primers T16N (forward) and T24U (reverse). Details on PCR primers are given
in Appendix D — Supplementary Table VI. PCR reaction mixtures contained: 5ul of 10X
PCR buffer (Tris-HCI, (NH;),SO,4, KCI, 15mM MgCI2, pH 8.7 at 20°C; ‘‘Buffer
I’’, Applied Biosystems, Foster City, USA), 5ul of deoxynucleoside triphosphates
at a concentration of 2mM each, 4ul of each primer at 5uM, 2ul of bovine serum albumin
(BSA) at 0.4mg.ml?, 2ul of Taq polymerase at1U.ul™ (AmpliTag, Perkin-Elmer,
Wellesley, USA), 2ul of template DNA and 26ul of sterile water. Total reaction volume
was 50ul. Following protocol for amplification of 28S rDNA was applied: initial
denaturation for 5 min at 95°C, followed by 35 cycles of denaturation for 1 min at 94°C,
annealing for 1 min at 55°C and elongation for 1 min at 74°C, and final elongtion
for 10 min at 72°C. COX1 sequences were amplified using PCR primers GazF2 (forward)
and KEdtmR (reverse). Details on PCR primers are given in Appendix D — Supplementary
Table VI. PCR reaction mixtures contained same substances as described above. Total
reaction volume was 50ul. Following protocol for amplification of COX1 was applied:

initial denaturation for 3 min at 95°C, followed by 35 cycles of denaturation
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for 0.5 min at 95°C, annealing for 1 min at 50°C and elongation for 1.5 min at 72°C,
and final elongation for 5 min at 72°C. The success of the reaction was checked using gel
electrophoresis on 1.5% agarose gel. PCR products were sent to be sequenced without

any purification. Sequences were assembled using BioNumerics version 3.5.
Sequence alignment and model testing

28S rDNA sequences of 59 strains and COX1 sequences of 47 strains were aligned
separately using automatic algorithm MUSCLE as implemented in MEGAG6 (Tamura et al.
2013). All alignments were then checked and corrected manually if needed. Best fitting
nucleotide substitutional models for each alignment were found using maximum likelihood
method under default settings as implemented in MEGA®G. Bayesian information criterion

(BIC) was used to choose the best models (Appendix D — Supplementary Table VII).
Phylogeny inferrence

Phylogenies of Pinnularia subgibba group based on 28S rDNA and COX1 were
inferred separately using two methods: (1) Maximum Likelihood phylogeny inference
(ML) and (2) Bayesian Inferrence (BI). First method based on ML was conducted
in MEGA6. GTR+G+I1 (for 28S rDNA; Nei & Kumar 2000) and TN93+G (for COX1,
Tamura & Nei 1993) nucleotide substitution models were set following the results
of model testing (Appendix D — Supplementary Table VII). Initial tree for the heuristic
search was obtained by applying the Neighbor-Joining method to a matrix of pairwise
distances estimated using the Maximum Composite Likelihood (MCL) approach. All
positions with less than 50% site coverage were eliminated. That is, fewer than 50%
alignment gaps, missing data, and ambiguous bases were allowed at any position. There
were a total of 912 positions in the final dataset of 28S rDNA sequences and 671 positions
in the final dataset of COX1 sequences. The percentage of trees in which the associated

taxa clustered together was calculated using bootstrap with 1000 replications.

Second method based on Bl was conducted in MrBayes 3.2.2 (Ronquist et al. 2012).
GTR+G+I nucleotide substitution model was set for 28S rDNA. However, GTR+G
substitution model was set for COX1 because TN93+G is not implemented in MrBayes.
Two independent runs of Markov chain Monte Carlo (MCMC) analysis were performed
for each marker separately for 2 000 000 generations. 1 cold and 3 heated chains were run
for each MCMC analysis. Diagnostical frequency was set to 1000 generations.

The Markov chain was sampled every 100 generations. 25% of samples were discarded.
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Phylogenetic species delimitation

Phylogenetic species delimitation was performed for each marker separately using
three methods: (1) Statistical Parsimony Network Analysis, (2) Generalized Mixed Yule
Coalescent and (3) Poisson Tree Processes. Statistical Parsimony Network Analysis
(SPNA; Hart & Sunday 2007) divides a haplotype network in different statistically
independent networks which corresponds to putative species boundaries. Analysis was
performed using TCS 1.21 (Clement, Posada & Crandall 2000). Gaps were treated as fifth
state and connection limit was set to 95% which was calculated to 13 detectable mutations
for 28S rDNA and 11 detectable mutations for COX1.

Generalized Mixed Yule Coalescent (GMYC, Pons et al. 2006) detects increase
in branching rate at the transition between interspecific and intraspecific variation. Input
ultrametric tree was inferred using MrBayes 3.2.2. Following the results of model testing
(Appendix D — Supplementary Table VII) nucleotide substitution model was set
to GTR+1+G for 28S rDNA and GTR+G for COX1. Strict molecular clock model was set.
Two independent runs of MCMC analysis were performed for each marker separately
for 2 000 000 generations. 1 cold and 3 heated chains were run for each MCMC analysis.
Diagnostical frequency was set to 1000 generations. The Markov chain was sampled every
100 generations. 25% of samples were discarded. GMYC itself was performed in R 3.2.3
(R Core Team 2015) using packages splits (Ezard, Fujisawa & Barraclough 2014), ape
(Paradis, Claude & Stimmer 2004), MASS (Venables & Ripley 2002) and paran (Dinno
2012).

Poisson Tree Processes (PTP; Zhang et al. 2013) is another coalescent-based
delimitation method which infer putative species boundaries on a given phylogenetic input
tree. PTP was performed using Species delimitation web server (www.species.h-its.org).
Outgroup sequences were removed from the tree. Number of MCMC generations was set
to 500 000 and 25% of samples were discarded.

3.3 Morphological study

Vouchers of cleaned material of the original natural samples were adjusted
from BCCM/DCG and are held in PAE, Gent University, Belgium. Strains were studied
using light microscopes Zeiss Axiophot 2 with objective Plan-Apochromat 100x/1.4 N.A.,

oil immersion, DIC (in Gent) and Zeiss Primo Star with objective Plan-Apochromat
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100x/1.25 N.A., oil immersion (in Olomouc). Microphotographs were taken in various
quality using camera AxioCam MRm. | focused especially on characters of diatom valves
such as shape, length (L), breadth (B), stria density (S), character of central and axial area

and raphe features. Identifications are based mostly on Krammer (2000).
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4 RESULTS

4.1 Comparison of molecular markers

Comparison of five markers (COX1, 28S rDNA, 18S rDNA, rbcL and psbA) and five
separate regions of these markers (D1, D2 and D3 regions of 28S rDNA, V4 region
of 18S rDNA and 748 bp at 3’ end of rbcL) is based on evolutionary distances (p-distances
and numbers of differences) between sequences of 24 (Appendix D — Supplementary Table
I) and 27 strains (Appendix D — Supplementary Table I1llI), respectively. Six most
representative comparisons based on p-distances are shown (Fig.4). X-axis shows
p-distances of one marker’s sequence pair (e.g. proportional distance between two
sequences of 28S rDNA in graph a) whereas y-axis shows p-distances of another marker’s
sequence pair (e.g. proportional distance between two sequences of COX1 in graph a).
Each black dot represents correlation of p-distances between one strain pair’s sequences
of one marker (x-value) and another marker (y-value). Red line represents linear function
x=y. If p-distance between two sequences have exactly the same value for both compared
markers, black dots will cover the red line. If one marker’s sequence pair have bigger
p-distance value (i.e. sequences are more different) than another, black dot will be

deflected in the direction of first marker’s axis.

Following this assumption we can compare COX1 and 28S rDNA in graph a (Fig. 4).
It is obvious that cloud of dots is slightly deflected in the direction of x-axis which
represents p-distances of 28S rDNA. So p-distances between two sequences of 28S rDNA
are slightly bigger than p-distances between two sequences of COX1 (i.e. two 28S rDNA
sequences are more different from each other than same strains’ COX1 sequences).
Therefore, 28S rDNA is slightly less conservative than COX1 and have slightly bigger
resolution. If we will apply same procedure on the rest of graphs shown in Figure 4 we will
come to following conclusion. According to p-distance analysis 28S rDNA has the greatest
resolution among compared markers and some of their most variable regions. COX1 has
slightly less resolution and is followed by V4 region of 18S rDNA. 18S rDNA has slightly
less resolution than V4 18S rDNA and is comparable with rbcL-3P. RbcL-3P has slightly
more resolution than whole rbcL and psbA has the least resolution of compared markers

and some of their regions.
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Figure 4. Comparison of p-distances from between nucleotide sequences computed for different marker pairs.
P-distances were computed using MEGA6 (Tamura et al. 2013). The analysis involved 24 strains taken from
published data (Souffreau et al. 2011). Six different marker pair comparisons are shown: (a) D1-D2 28S rDNA
with COX1, (b) V4 18S rDNA with COX1, (c) V4 18S rDNA with 18S rDNA, (d) rbcL-3P with 18S rDNA, (e)
rbcL-3P with rbcL and (f) psbA with rbcL.
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Similarly, six most representative comparisons based on numbers of differences are
shown (Fig. 5). If we will follow same procedure as in evaluation of the results based
on p-distances (Fig. 4) we will come to following conclusion. According to numbers
of differences 28S rDNA has the greatest resolution among compared markers and their
most variable regions. Sequence of the rest of markers from the most variable
(with the greatest resolution) to the most conservative is COX1, 18S rDNA, rbcL, rbcL-3P,
V4 18S rDNA and psbA.

Results based on both p-distance and number of differences show 28S rDNA
as most variable marker with the greatest discriminative power among compared markers.
Therefore, we decided to compare three separate regions of this marker (i.e. D1, D2
and D3) one with each other. Three comparisons of D1, D2 and D3 regions based
on p-distances (graphs a-c) and three comparisons based on numbers of differences (graphs
d-f) are shown (Fig. 6). It is obvious that D2 region has the greatest resolution and is
followed by D1 region. D3 region appeared to be the most conservative among the three
regions of 28S rDNA.
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Figure 5. Comparison of numbers of differences between nucleotide sequences computed for different marker
pairs. Numbers of differences were computed using MEGAG6 (Tamura et al. 2013). The analysis involved 24 strains
taken from published data (Souffreau et al. 2011). Six different marker pair comparisons are shown: (a) D1-D2
28S rDNA with COX1, (b) 18S rDNA with COX1, (c) 18S rDNA with rbcL, (d) rbcL-3P with rbcL, (e) rbcL-3P
with V4 18S rDNA and (f) psbA with V4 18S rDNA.
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Figure 6. Comparison of p-distances and numbers of differences between nucleotide sequences computed
for different 28S rDNA region pairs. Evolutionary distances were computed using MEGAG6 (Tamura et al.
2013). The analysis involved 27 strains taken from BCCM/DCG. Three p-distance based (a,b,c) and three
number of differences based (d, e, f) comparisons are shown: (a and d) D1 28S rDNA with D2 28S rDNA, (b
and e) D1 28S rDNA with D3 28S rDNA, (c and f) D2 28S rDNA with D3 28S rDNA.
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4.2 Phylogenetic species delimitation

Phylogeny inferrence and phylogenetic species delimitation results based on 28S rDNA
(Fig. 7) and COX1 (Fig. 8) are shown. All three methods’ results inferred from COX1
alignment are identical and reveals 15 species boundaries within Pinnularia subgibba
group. Results based on 28S rDNA are identical with one exception. GMYC and PTP

delimited cluster D (Fig. 7) as one species whereas SPNA divides it into two species.

Comparison of 28S rDNA with COX1 are shown (Fig. 9). In clades A, B, C, E, F,
Kand all singleton strains (i.e. Tor7f, CZECH_NOS-7 and Tor4r) there is perfect
congruence in detected species limits across both genes and all delimitation methods.
Clades G, I and L are congruent as well but one COX1 sequence per clade is missing due
to amplification failure. No COX1 sequence of strains of clade H was amplified
succesfully and thus congruence of clade H among the two genes can not be evaluated.
The only incongruence among the two genes appeared in clade J. Species limits based
on COX1 clearly distinguished strain MIC5 16 as a separate species, whereas

28S rDNA-based results suggest it to be part of the species boundary J.

To summarize, 15 (GMYC and PTP) or 16 (SPNA) species clusters were delimited
using 28S rDNA sequences and 15 species clusters were delimited using COX1 sequences.
In species limits based on 28S rDNA one incongruence in SPNA result in clade D
appeared. On the other hand, there is perfect congruence in methods delimiting species
limits based on COX1.
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Figure 7. 28S rDNA phylogenetic species delimitation within Pinnularia subgibba group visualized

on a phylogeny inferred from 28S rDNA alignment using maximum likelihood. Numbers at nodes

indicates statistical support, ML bootstrap proportions - Bl posterior probabilities (both given

as percentages and only values above 90% are shown). Species boundaries inferred using three
different methods (SPNA, GMYC, PTP) are indicated by black bars.
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Figure 8. COX1 based phylogenetic species delimitation within Pinnularia subgibba group

visualized on a phylogeny inferred from COX1 alignment using maximum likelihood. Numbers

at nodes indicates statistical support, ML bootstrap proportions - Bl posterior probabilities (both

given as percentages and only values above 90% are shown). Species boundaries inferred using
three different methods (SPNA, GMYC, PTP) are indicated by black bars. Outgroup sequences

were deleted from the tree for sake of visualization.
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a7.93| L Pinnularia cf. marchica - (W078)d H
Pinnularia cf. marchica - (W095)b
Pinnularia acidicola var. elongata - (N076)e
Pinnularia ¢f. schoenfelderi - (N123)a
Pinnularia sp. (parvulissima-group) - REU12_26_12 Pinnulatia ef. subcap. var. gata - REU12_9_14
Pinnularia sp. (parvulissima-group) - REU12_11_6 1 I I | Pinnularia sp. (parvulissima-group) - REU12_11_g ! | 100100
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Pinnularia cf. subgibba - Pin 7
100-100 | Pinnularia parvulissima - Pin 877 TM
| Pinnularia sp. - Pin 768

III = 8 ® |
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Figure 9. Comparison of 28S rDNA-based species limits with COX1-based species limits. Species
boundaries inferred using three different methods (SPNA, GMYC, PTP) are indicated by black bars.
Different size of black bars in G, I and L clades is caused by different number of 28S rDNA and COX1
sequences in these clades. 15 (GMYC and PTP) or 16 (SPNA) species clusters were delimited using 28S
rDNA sequences. Similarly, 15 species clusters were delimited using COX1 sequences with perfect
congruence across all delimitation method. However, none COX1 sequence of clade H was amplified

sucessfully. Possible reasons of this failure are discussed below.
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4.3 Morphological study

Morphological variability of strains were studied and documented. Representatives
for strains are shown (Figures 10-17). Average length, breadth and stria density

from 10 valves per strain along with standard deviations are given (Tables 1-8).

Clade A is relatively uniform in morphology (Fig. 10). Strains of this clade are
characterized by linear valves with sides slightly concave in the center and convex
in the ends. Maximal width of the valve is in 1, the valve lenght. Ends are broadly
subrostrate. Central area is narrow with asymetric fascia. Axial area is narrow and covers
1, or less of the valve breadth. Transapical striae are slightly radiate in the middle
and convergent near the poles. Average length, breadth and stria density from 10 valves
per strain along with standard deviations are given (Tab. 1). | have identified this clade
as Pinnularia cf. microstauron.

Strains of clade B (Fig. 10) are similar in morphology. They both have complex lateral
raphe with large and strongly hooked terminal fissures. Axial area covers from 1/ to 1,
of the valve. It widens continuously from ends to the elongated rhombic central area.
The fascia is small and asymetric. There are usually 2 or 4 indistinct markings
accompanying the fascia. Valve end of both strains are broadly rounded. Shape
of the valves, however, is different in both strains. Valves of NUUK13 KAP17 3 are
linear with parallel sides, whereas valves of NUUK13_KAP16_3 are concave in the center.
Morphometric measurements are given (Tab. 1). Strain NUUK_13KAP17_3 was identified
as Pinnularia cf. lokana, while strain NUUK_13KAP16_3 was identified only to the genus
level.

Clade C (Fig. 11) possess perhaps the most distinctive morphology among all clades
of Pinnularia subgibba group. Most of the strains were identified as Pinnularia macilenta.
The only exception is Pin 596 A which was identified only to the genus level. In general,
the strains of this clade are characterized by linear valves with sides slightly convex
in the center and slightly concave in the ends. Valve ends, however, are slightly
subcapitate, sometimes broadly rounded. Central area is irregularly rhombic and covers
from 2/, to 3/, of the valve breadth. Small asymetric transverse fascia is always present and
is usually accompanied by large indistinct markings. Axial area covers from 1/, to 1,
of the valve breadth. Raphe is complex, broadly lateral and filiform on a short distance.
Central pores are large, drop-like, close standing and laterally bent. Terminal fissures are

large and hooked. Transapical striae are slightly radiate in the middle and convergent near
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the poles. Average length, breadth and stria density from 10 valves per strain along with
standard deviations are given (Tab. 2).

Clades D (Fig. 12; Tab. 3), E (Fig. 13e-g; Tab. 4), F (Fig. 13a-b; Tab. 4), I (Fig. 15a-c;
Tab. 6), K (Fig. 17a-d; Tab. 8), L (Fig. 17e; Tab. 8) and singleton strain CZECH_NOS2-7
(Fig. 15e; Tab. 6) possess relatively uniform morphology. It can be characterized
by lanceolate or rhombic-lanceolate outline, paralel or slightly convex sides and broadly
rounded to broadly subcapitate ends. Raphe is lateral with large hooked terminal fissures.
Central pores are relativelly large, drop-like, close standing and deflected to the edge
of the valve. Central area is of various size and usually iregularly rhombic. Axial area often
widens from the ends to the central area. Striae slightly radiate in the middle and slightly
to strongly convergent in the ends. Strains of these clades were often identified as members
of Pinnularia gibba-group, P. subgibba-group or P. parvulissima-group. Morphometric
measurements are given in tabels mentioned above.

Clades H (Fig. 14) and J (Fig. 16) are very similar in morphology to clades mentioned
in previous paragraph. However, it seems that their central area is larger and less rhombic.
Also their axial area is always narrow. Average length, breadth and stria density
from 10 valves per strain along with standard deviations are given for clade H (Tab. 5) and
J (Tab. 7). Clade G (Fig. 13c-d) seems very disunited in morphology. Strain (Wie)b is
generally braoder and it has broadly rounded ends of the valve. In comparison, valve
of strain (Wie)c possess very distinct shape characterized by sides concave in the middle
and convex in the ends. Ends themselves are subcapitate. Central area is also extremely
different in two strains. Morphometric measurements are given (Tab. 4). Singleton strain
(Tord)r (Fig. 15d) is relativelly similar to the strains of clade A. However, it is more
narrow and its central area is larger. On the other hand, singleton strain (Tor7)f (Fig. 15€)
is more similar to the strains of clade B. This similarity is especially in shape of the valve
but other characters (esp. central area, breadth) are quite different. Average length, breadth
and stria density from 10 valves of singleton strains along with standard deviations are
given (Tab. 6).
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Figure 10. Supporting LM micrographs showing morphological variability of strains in clade A
(a-c) and B (d-e). Micrographs are scaled. Scale bar represents 10 um. Order of the strains is
as follows: CZECH_SW2-5 in (a), CZECH_SW2-7a in (b), CZECH_SW2-14 in (c),
NUUK_13KAP17_3in (d) and NUUK_13KAP16_3in (e).

Table 1. Morphometric measurements of strains in clades A and B (length, breadth and stria

density from 10 valves per strain + standard deviation).

Strain Lenght (um) Breadth (um) No. of striae per 10 um
CZECH_SW2-5 62.8+0.8 8.0+£0.0 12.0+0.0
CZECH_SW2-7a 59.2+2.0 8.6+0.5 11.6£0.5
CZECH_SW2-14 42.8+1.1 8.0+£0.0 12.2+0.4
NUUK_13KAP17_3 65.8+1.4 12.5+0.5 9.8+0.3

NUUK_13KAP16_3 774+1.1 11.7+0.5 9.5+0.4
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Figure 11. Supporting LM micrographs showing morphological variability of strains in clade C.
Micrographs are scaled. Scale bar represents 10 um. Order of the strains is as follows: Pin 596 A
in (a), CZECH_NOS2-14 in (b), CZECH_NOS2-8 in (c), CZECH_SW?2-4 in (d), CZECH_NOS2-5
in (e), STAPS in (f), STAP4 in (g) and STAP3 in (h).

Table 2. Morphometric measurements of strains in clade C (length, breadth and stria density

from 10 valves per strain + standard deviation).

Strain Lenght (um) Breadth (um) No. of stria per 10 um
Pin 596 A 35.4+0.8 11.9+0.5 8.6+0.5
CZECH_NOS2-14 89.0+1.4 13.0+£0.0 9.2+0.5
CZECH_NOS2-8 103.4+1.3 145+0.5 9.3+0.5
CZECH_SW2-4 1104 +1.1 14.0+£0.2 95204
CZECH_NOS2-5 93.2+1.0 13.4+0.5 10.3+£0.5
STAP5S 116.0+£1.3 13.2+0.4 9.2+04
STAP4 125.2+2.1 144 +£0.5 9.0+0.0
STAP3 128.6+1.6 15.0+£0.0 8.7+0.5
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Figure 12. Supporting LM micrographs showing morphological variability of strains in clade D.
Micrographs are scaled. Scale bar represents 10 um. Order of the strains is as follows: (W045)d
in(a), (W045)b in (b), REU12_18 4 in (c), REU12 18 6 in (d), REU12_18 17 in (e),
REU12_18 11in (f), REU12_18 21 in(g) and (WO045)e in (h).

Table 3. Morphometric measurements of strains in clade D (length, breadth and stria density

from 10 valves per strain + standard deviation; n.m. = not measured).

Strain Lenght (um) Breadth (um) No. of striae per 10 um
(wo45)d n.m. n.m. n.m.

(W045)b 37.1+£0.8 8.7+0.2 11.2+0.6
REU12_18 4 41.2+0.9 8.8+0.4 12.0+0.0
REU12_18 6 44,7 +0.8 8.7+0.5 10.2+0.4

REU12_18 17 53.4+1.4 8.8+0.4 10.6+0.8
REU12_18_11 56.4+0.5 9.0+ 0.0 10.0+£0.0

REU12_18 21 81.0+0.9 9.7+0.7 9.8+0.4

(wo045)e n.m. n.m. n.m.
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Figure 13. Supporting LM micrographs showing morphological variability of strains in clades E

(e-9), F (a-b) and G (c-d). Micrographs are scaled. Scale bar represents 10 um. Micrographs a-d
are courtesy of Caroline Souffreau. Order of the strains is as follows: (Tor8)d in (), (Tor8)b in (b),
(Wie)b in (c), (Wie)c in (d), REU12_3 16p in (), REU12_5 2 in (f) and REU12_5_1 in (g).

Table 4. Morphometric measurements of strains in clade E, F and G (length, breadth and stria

density from 10 valves per strain + standard deviation).

Strain Lenght (um) Breadth (um) No. of striae per 10 um
(Tor8)d 28.8+1.2 56+£0.5 11.8+0.4
(Tor8)b 40.0+0.5 59+0.3 11.8+0.4
(Wie)b 61.5+1.1 9.9+0.3 11.7+0.7
(Wie)c 53.31+0.6 6.3+0.3 11.9+0.3
REU12_3_16p 61.5+1.1 9.9+0.3 11.7+0.7
REU12_5 2 62.5+0.8 8.8+04 10.1+0.4
REU12 5 1 61.7+0.8 9.0£0.2 10.8+0.5
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Figure 14. Supporting LM micrographs showing morphological variability of strains in clade H.

Micrographs are scaled. Scale bar represents 10 um. All micrographs are courtesy of Caroline
Souffreau. Order of the strains is as follows: (W076)d in (a), (WO067)c in (b), (W118)b in (c),
(W095)b in (d) and (WO76)e in (e). For strains (W095)a and (W123)a micrographs are
not available.

Table 5. Morphometric measurements of strains in clade H (length, breadth and stria density

from 10 valves per strain + standard deviation; n.m. = not measured).

Strain Lenght (um) Breadth (um) No. of striae per 10 um
(wo7e)d n.m. n.m. n.m.

(W067)c n.m. n.m. n.m.

(W118)b n.m. n.m. n.m.

(W095)b 30.6+0.7 59+0.2 13.0+£0.7

(Wo76)e n.m. n.m. n.m.

(W095)a 32.8+1.7 57+05 13.8+0.6

(W123)a 16.4+0.5 6.0+ 0.0 13.6+0.8
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Figure 15. Supporting LM micrographs showing morphological variability of strains in clade

I (a-¢) and singleton strains (d-f). Micrographs are scaled. Scale bar represents 10 um. Micrographs

d and f are courtesy of Caroline Souffreau. Order of the strains is as follows: REU12_3 10 in (a),
REU12_26 12 in (b), REU12_9 14 in (c), (Tord)r in (d), CZECH_NOS2-7 in (e) and (Tor7)f

in (f). For strain REU12_11 6 of clade | no micrographs are available.

Table 6. Morphometric measurements of strains in clade | and singleton strains (length, breadth

and stria density from 10 valves per strain + standard deviation; n.m. = not measured).

Strain Lenght (um) Breadth (um) No. of striae per 10 um
REU12_3_10 234116 5.2+0.3 14.0+0.0
REU12_26_12 n.m. n.m. n.m.

REU12_9 14 35.5+0.5 5.1+0.2 13.0x1.1

(Tord)r 42.6+0.4 5.8+0.3 12.4+0.5
CZECH_NOS-7 47.1+1.3 7.0+£0.0 11.0+0.8

(Tor7)f 61.2+1.6 8.9+0.2 10.1+£0.5
REU12_11 6 23.410.8 5.4+0.5 13.2+1.0
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Figure 16. Supporting LM micrographs showing morphological variability of strains in clade J.
Micrographs are scaled. Scale bar represents 10 um. Order of the strains is as follows: MIC7_2
in (a), MIC5_16 in (b), MIC3_10in (c), MIC13_21 in (d), CRO12_6_11in (e), CRO12_9 16 in (f)
and CRO12 24 4 (g). For strains CRO12 24 12, CRO12_24 10 and PinnC7 no micrographs are
available.

Table 7. Morphometric measurements of strains in clade J (length, breadth and stria density
from 10 valves per strain + standard deviation).

Strain Lenght (um) Breadth (um) No. of striae per 10 pum
MIC7_2 21.4+0.5 59+04 12.4+0.8
MIC5_16 35.0+£0.4 59+0.2 12.4+£0.8
MIC3_10 242 +0.8 5.9+0.2 13.2+1.1
MIC13_21 31.2+0.8 6.0+£0.0 124+1.3
CRO12_6_11 32.3+0.5 6.0+0.2 13.0+1.1
CRO12_9 16 28.8+0.6 6.0+£0.2 12.4+£0.8
CRO12_24 4 28.2+0.4 6.1+0.2 13.9+0.3
CRO12_24 12 29.2+0.9 59103 12.2+0.8
CRO12_24 10 249125 6.2+0.2 12.7+1.2

PinnC7 11.6+0.7 6.3+ 0.5 12.8+1.0
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Figure 17. Supporting LM micrographs showing morphological variability of strains in clades

K (a-d) and L (e). Micrographs are scaled. Scale bar represents 10 pm. All micrographs are
courtesy of Caroline Souffreau. Order of the strains is as follows: Pin 592 M in (a), Pin 598 A
in (b), Pin 19 in (c), Pin 7 in (d) and Pin 877 TM in (e). For strains Pin 12 and Pin 768 micrographs

are not available.

Table 8. Morphometric measurements of strains in clades Kand L (length, breadth and stria

density from 10 valves per strain + standard deviation; n.m. = not measured).

Strain Lenght (um) Breadth (um) No. of striae per 10 um
Pin 592 M 51.5+0.9 8.8+0.5 10.6+0.5
Pin 598 A 59.9+0.9 8.8+0.4 10.5+0.6
Pin 19 59.6+1.5 9.0+£0.3 10.5+0.5
Pin 7 61.4+1.2 9.2+0.3 10.9+0.7
Pin 12 51.2+1.1 9.0+£0.2 10.5+0.7
Pin 877 TM 59.8+2.3 10.1+0.3 10.6+0.5

Pin 768 n.m. n.m. n.m.
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5 DISCUSSION

This study presents hypothesis about species limits within Pinnularia subgibba group
based on genetic, morphological and, if available, other lines of evidence. This group has
never been studied as a whole in such detail. | have found (using evolutionary distance
analysis) that genes 28S rDNA and COX1 have the greatest power among five compared
genes (18S rDNA, 28S rDNA, COX1, psbA and rbcL) to distinguish Pinnularia species.
I have used these two genes to infer phylogeny (using ML and BI) and to delimit 15 or 16
phylogenetic species of Pinnularia subgibba group (using SPNA, GMYC and PTP).
Finally, I have evaluated the congruence of the phylogenetic species delimitation results

with morphology and other available lines of evidence. This evaluation is disscused below.

Five genes (18S rDNA, 28S rDNA, COX1, psbA and rbcL) and two separate regions
of these genes (V4 18S rDNA and rbcL-3P) have been compared and nuclear 28S rDNA
and mitochondrial COX1 have been identified as the most powerful in discrimination
of Pinnularia species. Indeed, partial or complete 28S rDNA has been found to have
relatively high discriminative power before (Trobajo et al. 2010; Hamsher et al. 2011)
and it is being used in phylogeny inferrence of diatoms (e.g. Souffreau et al. 2011;
Souffreau et al. 2013). However, it is recommended to use it for species level systematics
along with rbcL (Trobajo et al. 2010; Hamsher et al. 2011). This recommendation,
however, does not seem to be substantial for genus Pinnularia. According to the results
of this study, 28S rDNA is the most powerful marker among the compared markers and,
more importantly, rbcL appeared to be relatively conservative in Pinnularia. Therefore,
the power of rbcL to distinguish closely related species of the genus, which is vital for both
species delimitation and identification, is rather questionable. In addition, | have compared
separate regions D1, D2 and D3 of 28S rDNA one with each other and found that D2 and
D1 are the most variable. Therefore D1/D2 should be used prior to D2/D3 which
is in contradiction with recommendations based on studies of different diatom genera
(Mann et al. 2010; Hamsher et al. 2011). COX1 is generaly considered to be appropriate
for species delimitation and identification and it is often used for barcoding of animals
(e.g. Hebert, Ratnasingham & deWaard 2003). It also performed well in red algae
(e.g. Le Gall & Saunders 2010) and even more closer relatives of diatoms such as brown
algae (e.g. Kucera & Saunders 2008) and dictyochophytes (Riisberg & Edvardsen 2008).
Its dicriminative power was tested on a model group of diatom genus Sellaphora (Evans

etal. 2007) delimiting all putative species and surpassing other examined genes
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(18SrDNA, ITS rDNA and rbcL). High discriminative power of COX1 was
also confirmed in Nitzschia palea species complex (Trobajo et al. 2010). In some
of the Nitzschia strains, however, COX1 failed to be amplified. This is in congruence
with the result of this study in which COX1 was the second most powerful marker but it
failed to be amplified in some strains. It seems reasonable to hypothesize that variability
of COX1 in diatoms is so high that mutations occur in conventional primers’ binding sites
which prevents amplification. On the other hand, its discriminative power is so high that,
in my opinion, it should be further investigated and new primers should be designed
in order touse it for delimitation and identification of diatom species. To summarize,
28SrDNA and COX1 should be wused for Pinnularia species delimitation
and identification, although it would probably be necessary in the future to develop
alternative primers for COX1 in order tocover its variability in both Pinnularia

and diatoms in general.

Phylogenetic species of Pinnularia subgibba group were delimited independently
using two most powerful genes (28S rDNA and COX1) and morphology of these putative
species was examined. The congruence between genetic and morphological evidence is
evaluated below. Moreover, all other available lines of evidence (e.g. biogeography,
reproduction) were taken in consideration. Clade A was delimited as a separate species
by all methods and by both genes. Moreover, it possess relatively distinct morphology
characterized by linear valves with sides slightly concave in the center and convex
in the ends. All three strains of this clade are originated in the lake Machovo jezero,
the Czech Republic. Considering morphological traits, |have identified this clade
as Pinnularia cf. microstauron. However, morphological variability and relatively wide
ranges of reference morphometric measures (i.e. L = 20-100 um, B =7-15 pm, S = 9-14/10
um; Krammer 2000) indicates that P. microstauron is probably species complex rather
than single species. This suggestion is supported by Krammer (2000) himself and
Zidarova, Kopalova & Van de Vijver (2012) even decribed species of similar morphology
from Livingston Island (Antarctica) as P. australomicrostauron. Moreover, my results
confirm presumed polyphyletic character of this species complex. The confirmation is
based on a fact that | have found this P. microstauron clade within P. subgibba group,
while Souffreau et al. (2011) places P. microstauron into different group of Pinnularia
as a sister lineage to P. borealis. On top of that, one strain identified as P. microstauron

(CRO12_24 10) appeared in the clade J as delimited in this study. It is possible, and in my
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opinion very probable, that other lineages of P. microstauron complex are spread across
the tree of Pinnularia. Therefore, genetic variability of this species complex should be
investigated. In terms of biogeography, it was shown that diatoms are regulated by the
same processes that influence distribution of macroscopic organisms (Vanormelingen,
Verleyen & Vyverman 2008). Thus, considering type locality of the taxon
Pinnularia microstauron (Ehrenberg) Cleve 1891 (i.e. Rio de Janeiro, Brasil; Krammer
2000), it is very probable that clade A as delimited in this study represents species
unknown to science. This hypothesis still remains to be tested. If it is correct, however,
then taxon name Pinnularia bohemica would be appropriate given the finding locality
in the Czech Republic.

Clade B was also delimited as a single species with perfect congruence across all
methods and genes. Morphology of its two strains is relatively distinctive (especially
in broad valves with broadly rounded ends) from other strains of Pinnularia subgibba
group. However, there are differences among the two strains (especially the overal shape
of the valve) which suggests either relatively high intraspecific morphological variability
or interspecific genetic uniformity in 28S rDNA and COX1. Strain NUUK13 KAP17_3
have been identified as Pinnularia cf. lokana. |1 have searched reference literature
and indeed I did not found any described species to be more similar to clade B (especially
strain NUUK13_KAP17_3) than Pinnularia lokana Krammer 2000. There are distinct
differences, however, of which the most notable is breadth of axial area. Moreover, both
strains of the clade B are from Kapisillit, Greenland, while type locality of P. lokana is
in Lokabad, Sweden. It is quite possible, that clade B represents another species unknown
to science. In this case, however, | would recommend searching for additional strains
and extensive investigation of its genetic and morphological variability. Ideally,
reproductive compatibility of the strains should be tested as well before coming

to conclusion on the identity of this species.

Another putative species which limits were congruent using all methods and genes
belong to Clade C. Strains of this clade possess probably the most distinctive morphology
among all examined clades of P. subgibba group. Most of them are relatively large
(up to average length 128.6 + 1.6 um in strain STAP3) and valves have characteristic
shape with sides slightly convex in the centre and slightly concave in the ends. Ends
of the valve themselves, however, are usually slightly capitate. Seven of total eight strains

were identified as Pinnularia macilenta. Three strains of this clade are from Belgium
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(STAP strains), four from the Czech Republic (CZECH strains) and one from Scotland
(Pin 596 A). The Scotish strain is an exception to morphological uniformity of the clade
and it was identified only to genus level. It is very different in size (average length only
35.4 + 0.8 um, reference length for P. macilenta is 60-134 um; Krammer 2000). However,
its average breadth (B = 11.9 + 0.5 um) and stria density (S = 8.9 + 0.5/10 um) are more
or less within the range of reference measures for P. macilenta (B = 12-15.5 um,
S =8-10/10 um; Krammer 2000). Also character of its central and axial areas is similar
to those of other strains from the clade. So except for lenght it seems to be part
of the P. macilenta clade. If it truly is P. macilenta, what is the cause of its extremely small
lenght and loss of characteristic features of the valve then? The most probable explanation
seems to be valve size reduction caused by asexual reproduction. It is known that diatoms
reduce their size (especially length) and generally become more simple in morphology
(e.g. Geitler 1932; Hustedt 1937). In Stephanodiscus niagarae the cells before sexual
reproduction and consequent size restoration can be even 43% of average cell size
in the population (Edlund & Stoermer 1991). Another explanation would be phenotypic
plasticity which is documented to be present in diatoms (Jahn et al. 1986; Trobajo 2009).
However, phenotypic plasticity is generally not considered to be serious problem
for diatom systematics (e.g. Mann 1999). Unfortunatelly, | do not have access
to the culture of the strain so | am not able to check the two possibilities mentioned
above at the moment. There are also another possible explanation, of course, but there is
no way | can check them either at the moment and thus disscusing them would be pure
speculation. In my opinion, cell size reduction caused by asexual reproduction seems to be
most probable. However, this should be checked before clade C can be unreservedly
associated with taxon P. macilenta Ehrenberg 1843. Strains REU12_18 21 from clade D
and (Tor8)d from clade F were identified by morphology as Pinnularia cf. macilenta.

However, if examined in detail they are very different and definitely are not P. macilenta.

In comparison to clades A, B and C, other delimited clades of the Pinnularia subgibba
group seem to be more uniform in morphology. Clades D, E, F, I, K, L and singleton strain
CZECH_NOS2-7 seem to be parts of large polyphyletic gibba-subgibba-parvulissima
supercomplex. In order to unweave and revise the taxonomy of this supercomplex, clades
must be investigated in more detail than | am able to do in the range of this master thesis.
However, it seems that at least some of these clades will be distinguishable

by morphological features even though overlaps inlenght, breadth, stria density
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and lenght-to-breadth ratio are quite often. For example, all strains of clade D possess
the largest rhombic central area among all the clades of the group, which, along with
relatively broad axial area widening from the ends to the centre of the valve, might serve as
disriminative trait for this clade. Species delimitation method SPNA based on 28S rDNA
split the clade into two separate haplotype networks. One unites the strains from
Amsterdam Island, while the other unites the strains from Réunion. Both Islands can be
found in the Indian Ocean. However, | did not found any difference in morphology
between strains from Amsterdam Island and strains from Réunion. Moreover, other two
methods based on 28S rDNA and all three methods based on COX1 delimited clade D
as a single species. Therefore, | think it is more probable that clade D still represents
asingle species and SPNA based on 28S rDNA detected genetical variability caused
by limited gene flow between the two geographicaly isolated populations of the species.
If gene flow is or will be reduced completely, however, than we might be witnesses
of the speciation in its early stage. At the moment, however, evidence speaks in favor
of the hypothesis that clade D represents single species and that morphological features
distinguishing this clade may be defined upon more detailed examination of the clade.
On the other hand, strains of clade K are very similar one with each other but they does not
seem to possess some distinctive feature which would distinguish them from other clades
of the supercomplex. However, all of these strains of clade K have their origin in Scotland
and it was even found that they interbreed one with each other (Poulickova et al. 2007).
Therefore, clade K fulfills even the biological definition of a species which suggests
correctness of the hypothesis on the species limits within Pinnularia subgibba group
delimited in this study. However, whole gibba-subgibba-parvulissima supercomplex have

to be investigated in much more detail as mentioned above.

Clade H was delimited by all three methods based on 28S rDNA. COX1-based
delimitation results, however, are not available because it failed to be amplified. The most
probable reason of the failure is genetic variability in primer binding site. Morphology
of this clade is similar to the morphology of gibba-subgibba-parvulissima supercomplex
although it seems from the micrographs that they might be distinguishable
by lenght-to-breadth ratio. Strains of the clade seem to be generally more narrow than
gibba-subgibba-parvulissima strains. However, | can not test it by morphometrical

measurements because | do not have voucher slides of most of the strains at disposal



Palacky University Olomouc, Faculty of Science 39

for the moment. Most of the strains were identified as Pinnularia cf. marchica and all

of them are from Amsterdam Island.

Clade J was delimited by all three methods based on both 28S rDNA and COX1.
Morphology of the clade is characteristic by relatively small cell size (average lenght is
between 11.6 £ 0.7 pm and 35.0 £ 0.4 pum). Overall morphology is very similar to the
morphology of gibba-subgibba-parvulissima species supercomplex. All 10 strains are
from sub-antarctic islands Crozet and Marion. Three strains were identified as P. acidicola,
one as P. microstauron and the others were identified only to genus level. I think this clade
can be associated with taxon Pinnularia acidicola B. van de Vijver & R. le Cohu 2002
which was described from Crozet. Its morphometric measures more or less fits into
the range of reference morphometric measures of this taxon (L = 24-40 um, B = 4.5-7 pm,
S =11-12/10 um; Van de Vijver, Frenot & Beyens 2002) although some minor differences
can be found (especially in stria density). Therefore, widening of the taxon description
should be considered.

Evaluation of clade G is challenging. The clade was clearly delimited by all methods
and both genes. However, two strains of this clade (Wie)b and (Wie)c are very different
one from each other. They seems to be nearly as different as two strains of the group can
be. It seems probable to me that some mistake was made in labeling slides, cultures
or DNA samples and that morphology and DNA sequence of one of the stains does
not belong to the same biological entity. This must be investigated before the congruence
of genetic and morphological evidence can be properly discussed. Although
the morphology of both strains is so different, both morphologies seem to be quite
distinctive from morphologies of the other clades of the group. Therefore, after proper
examination, clade G might represent another morphologically distinc species

of Pinnularia subgibba group.
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6 CONCLUSION

In this master thesis | have:

(1) found that nuclear gene 28S rDNA and mitochondrial gene COX1 have the greatest
potential to distinguish between species of genus Pinnularia,

(2) used this two genes and three different methods to suggest primary hypothesis
on species limits within Pinnularia subgibba group and

(3) evaluated congruence of this primary hypothesis with morphology and other available

lines of evidence such as biogeography and reproductive compatibility.

Hereby, | evaluate the aims of this master thesis fulfilled. To summarize, results
suggest that several clades of Pinnularia subgibba group represent morphologically
distinct species which might be unknown to science (e.g. A, B). Others (e.g. C, J) can be
relativelly clearly associated with decribed taxa. Most of the clades, however, seem
to be part of large polyphyletic gibba-subgibba-parvulissima species supercomplex and it
must be investigated in much more detail before coming to reliable conclusion on their true

biological identity.

In conclusion, this master thesis gave some answers about systematics of Pinnularia
which is one of the most species-rich genus of raphid diatoms. On the other hand, it arised
vast number of new questions and it is obvious that tremendous amount of work remains
to be done in the field. In the light of genetic evidence, it seems that after more than 200

years of diatom systematics we are still at the begining.
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Appendix D — Supplementary material

Supplementary Table 1. 24 strains of subdataset A1 used for comparison of molecular markers.

Strain Taxon

(B2)c Pinnularia cf. microstauron

Pin 876 Pinnularia acuminate

(Torll)b Pinnularia cf. altiplanensis

Cal 878 Pinnularia cf. isselana

(Ecrins4)a Pinnularia cf. marchica

Pin 889 Pinnularia grunowii

Pin 706 Pinnularia neglectiformis

(Torl)a Pinnularia neomajor

Corsea 2 Pinnularia neomajor

Pin 885 Pinnularia nodosa

Pin 877 Pinnularia parvulissima

(Tord)i Pinnularia sp.

(Tord)r Pinnularia sp.

Pin 873 Pinnularia sp.

PinnC7 Pinnularia sp.

(Tor7)f Pinnularia sp. (gibba group)

(Tor8)b Pinnularia sp. (gibba group)

Pin 649 Pinnularia sp. (subcommutata group)
Pin 883 Pinnularia sp. (subcommutata group)
Pin 650 Pinnularia subanglica

(Wie)c Pinnularia subcapitata var. elongata
Corsea 10 Pinnularia subcommutata var. nonfasciata
(Enc2)a Pinnularia acrosphaeria

Pin 870 Pinnularia viridiformis

Supplementary Table I1. Characteristics of alignments used for distance analysis.

Total No. of characters

No. of variable characters

No. of parsimony-
informative variables

Ccox1

28S rDNA
psbA

rbcL

18S rDNA
V4 18S rDNA
rbcL-3P

673
619
909
1542
1816
399
748

255
401
115
293
1631
129
173

220
340
69
187
1027
99
121




Supplementary Table
regions of 28r DNA.

I11. 27 strains of subdataset A2 used for comparison of D1, D2 and D3

Strain Taxon

MIC9_10 Pinnularia cf. microstauron

MIC3_13 Pinnularia cf. silvatica

MIC5_15 Pinnularia acidicola

CZECH_SITE3 Pinnularia stomatophora var. irregularis
CZECH_SWK9 Pinnularia biceps

CZECH_SWK13b
CZECH_SWK14a
KATE_AZUL6
CZECHNOS2 12b
SPITS 1.2
SPITS_S5_2
CZECH_OUCH15
CZECH_SWK2a
CZECH_SW1_2a
CZECH_NOS2_8
CRO12_18_12
CRO12_23 4
REU12_3 3
VEGA_L35C_6
(Banl)a
VEGA_L2C_19
(Mo1)c
VEGA_Mul40_8bis
13743 5
REU12_18 13
1326_3bis
VEGA_L30C_2

Pinnularia brebissonii
Pinnularia grunowii

Pinnularia australomicrostauron
Pinnularia viridiformis
Pinnularia cf. frequentis
Pinnularia krammeri

Pinnularia cf. rupestris
Pinnularia microstauron
Pinnularia rhombarea
Pinnularia macilenta

Pinnularia subcommutata
Pinnularia aff. silvatica
Pinnularia cf. subcapitata
Pinnularia rabenhorstii
Pinnularia borealis var. borealis
Pinnularia borealis var. pseudolanceolata
Pinnularia borealis var. islandica
Pinnularia borealis var. unknown
Pinnularia viridiformis
Pinnularia parvulissima
Pinnularia lunata

Pinnularia australomicrostauron




Supplementary Table 1V. 59 strains of subdataset B used in species delimitation. Strains which

COX1 sequences failed to be amplified are indicated by *.

Strain Taxon Identification

MIC5_16 Pinnularia acidicola B. Van de Vijver
MIC7_2 Pinnularia sp. Van de Vijver
MIC3_10 Pinnularia sp. Van de Vijver
MIC13_21 Pinnularia sp. Van de Vijver

CZECH_NOS2-7
CZECH_NOS2-8

CZECH_NOS2-14

CZECH_SW2-4
CZECH_SW2-5
CZECH_SW2-7a

CZECH_SW2-14

CZECH_NOS2-5

Pinnularia sp. (subgibba-group)
Pinnularia macilenta
Pinnularia macilenta
Pinnularia macilenta
Pinnularia cf. microstauron
Pinnularia cf. microstauron
Pinnularia cf. microstauron

Pinnularia macilenta

Van de Vijver
Van de Vijver
Van de Vijver
Van de Vijver
Kollar
Kollar
Kollar

Van de Vijver

CRO12_6_11*%* Pinnularia acidicola Van de Vijver
CRO12_9 16 Pinnularia sp. Kollar

CRO12_24_12* Pinnularia sp. Kollar

REU12_3_10* Pinnularia microstauron Van de Vijver
REU12_18 6 Pinnularia sp. (gibba-group) Van de Vijver
REU12_18 11 Pinnularia cf. subgibba Van de Vijver
REU12_18 21 Pinnularia cf. macilenta Van de Vijver
CRO12 24 4 Pinnularia acidicola Van de Vijver
REU12_3_16p Pinnularia sp. (parvulissima-group) Van de Vijver
REU12 5 1 Pinnularia sp. (gibba-group) Van de Vijver
REU12_5_2 Pinnularia sp. (gibba-group) Van de Vijver
REU12 9 14 Pinnularia cf. subcapitata var. elongata Van de Vijver
REU12_11_6 Pinnularia sp. (parvulissima-group) Van de Vijver
REU12_18 4 Pinnularia sp. (parvulissima/gibba-group) Van de Vijver
REU12_18 17 Pinnularia sp. (parvulissima-group) Van de Vijver

NUUK_13KAP16_3
NUUK_13KAP17_3

Pinnularia sp.

Pinnularia cf. lokana

T ORGP REREREREEECC 0@ @ 0@ ®0®®®

Van de Vijver

Van de Vijver

REU12_26_12 Pinnularia sp. (parvulissima-group) Van de Vijver
PinnC7 Pinnularia sp. Souffreau et al. 2011
(wo7e6)d* Pinnularia cf. marchica B. Van de Vijver?
(W123)a* Pinnularia cf. schoenfelderi B. Van de Vijver?
(wo095)a* Pinnularia cf. marchica B. Van de Vijver?
(W118)b* Pinnularia cf. marchica B. Van de Vijver?
(W067)c* Pinnularia cf. marchica B. Van de Vijver?
(W095)b* Pinnularia cf. marchica B. Van de Vijver?
(Wwo76)e* Pinnularia acidicola var. elongata B. Van de Vijver?
(Wie)b Pinnularia pseudogibba var. pseudogibba B. Van de Vijver?
(Tor8)d Pinnularia cf. marchica B. Van de Vijver?
PIN 596 A Pinnularia sp. Pouli¢kova, Mann

(Tor7)f Pinnularia sp. (gibba-group) Souffreau et al. 2011




Supplementary Table 1V. - continued.

Strain Taxon Identification
(wo45)e Pinnularia sp. (parvulissima/gibba-group) B. Van de Vijver?
(wo045)d* Pinnularia cf. brebissonii B. Van de Vijver
(W045)b Pinnularia australogibba var. subcapitata Souffreau et al. 2011
PIN 768* Pinnularia sp. Poulickova, Mann
Pin 877 TM Pinnularia parvulissima Souffreau et al. 2011
PIN 598 A Pinnularia cf. subgibba Pouli¢kova, Mann
PIN 19 Pinnularia cf. subgibba Poulickova, Mann
PIN 7 Pinnularia cf. subgibba Pouli¢kova, Mann
PIN 592 M Pinnularia cf. subgibba Poulickova, Mann
(Tor8)b Pinnularia sp. (gibba-group) Souffreau et al. 2011
(Wie)c Pinnularia subcapitata var. Elongata Souffreau et al. 2011
(Tord)r Pinnularia sp. Souffreau et al. 2011
STAP3 Pinnularia macilenta P. Vanormelingen
STAP4 Pinnularia macilenta P. Vanormelingen
STAPS Pinnularia macilenta P. Vanormelingen
PIN 12 Pinnularia cf. subgibba Pouli¢kova, Mann
CRO12_24 10 Pinnularia microstauron B. Van de Vijver?

Supplementary Table V. Origin of 59 strains of subdataset B used in species delimitation.

Strain Locality and date of colection Collector

MIC5_16 Marion Island (Sub-Antarctic) - IV. 2011 W. Van Nieuwenhuyze and E. Verleyen
MIC7_2 Marion Island (Sub-Antarctic) - IV. 2011 W. Van Nieuwenhuyze and E. Verleyen
MIC3_10 Marion Island (Sub-Antarctic) - IV. 2011 W. Van Nieuwenhuyze and E. Verleyen
MIC13_21

CZECH_NOS2-7
CZECH_NOS2-8
CZECH_NOS2-14
CZECH_SW2-4
CZECH_SW2-5
CZECH_SW2-7a
CZECH_SW2-14
CZECH_NOS2-5
CRO12_6_11
CRO12_9_16
CRO12_24 12
CRO12_24 10
CRO12_24 4
REU12_3_10
REU12_18 6
REU12_18 11
REU12_18 21
REU12_3_16p

Marion Island (Sub-Antarctic) - IV. 2011
Lake Macha (Czech Republic) - X.2011
Lake Mécha (Czech Republic) - X.2011
Lake Macha (Czech Republic) - X.2011
Lake Mécha (Czech Republic) - X.2011
Lake Macha (Czech Republic) - X.2011
Lake Mécha (Czech Republic) - X.2011
Lake Macha (Czech Republic) - X.2011
Lake Macha (Czech Republic) - X.2011
lles Crozet (Sub-Antarctica) - X11.2012
lles Crozet (Sub-Antarctica) - X11.2012
lles Crozet (Sub-Antarctica) - X11.2012
lles Crozet (Sub-Antarctica) - X11.2012
lles Crozet (Sub-Antarctica) - X11.2012
Réunion (Sub-Antarctica) - XI1.2012
Réunion (Sub-Antarctica) - XI1.2012
Réunion (Sub-Antarctica) - XI1.2012
Réunion (Sub-Antarctica) - XI1.2012
Réunion (Sub-Antarctica) - XI1.2012

W. Van Nieuwenhuyze and E. Verleyen
J. Veseld, P. Urbankovd and P. Vanormelingen
J. Veseld, P. Urbankova and P. Vanormelingen

J. Veseld, P. Urbankovd and P. Vanormelingen

—

. Veseld, P. Urbankova and P. Vanormelingen

—

. Vesela, P. Urbankova and P. Vanormelingen

—

. Veseld, P. Urbankova and P. Vanormelingen

—

. Vesela, P. Urbankova and P. Vanormelingen
J. Veseld, P. Urbankova and P. Vanormelingen
Van de Vijver
Van de Vijver
Van de Vijver
Van de Vijver
Van de Vijver
Van de Vijver
Van de Vijver
Van de Vijver
Van de Vijver

Van de Vijver




Supplementary Table V. — continued.

Strain Locality and date of colection Collector
REU12_5_1 Réunion (Sub-Antarctica) - XI1.2012 . Van de Vijver
REU12_5_2 Réunion (Sub-Antarctica) - XI1.2012 . Van de Vijver
REU12_9_14 Réunion (Sub-Antarctica) - XI1.2012 . Van de Vijver
REU12_11 6 Réunion (Sub-Antarctica) - XI1.2012 Van de Vijver
REU12_18_4 Réunion (Sub-Antarctica) - XI1.2012 Van de Vijver
REU12_18_17 Réunion (Sub-Antarctica) - XI1.2012 . Van de Vijver
REU12_26_12

NUUK_13KAP16_3
NUUK_13KAP17_3
PinnC7
(Wo76)d
(W123)a
(W095)a
(W118)b
(W067)c
(WO095)b
(W076)e
(Wie)b
(Tor8)d
PIN 596 A
(Tor7)f
(W045)e
(WO045)d
(W045)b
PIN 768
Pin 877 TM
PIN 598 A
PIN 19

PIN 7

PIN 592 M
(Tor8)b
(Wie)c
(Tord)r
STAP3
STAP4
STAPS

PIN 12

Réunion (Sub-Antarctica) - XI1.2012
Kapisillit (Greenland) - VIII.2013
Kapisillit (Greenland) - VII1.2013
lles Crozet (Sub-Antarctica) - X11.2004
Amsterdam Island - X11.2007
Amsterdam Island - X11.2007
Amsterdam Island - X11.2007
Amsterdam Island - X11.2007
Amsterdam Island - X11.2007
Amsterdam Island - X11.2007
Amsterdam Island - X11.2007

De Wieden (The Netherlands) - 11.2007
Torres del Paine (Chile) - 1.2007
Scotland - 111.2006

Torres del Paine (Chile) - 1.2007
Amsterdam Island - X11.2007
Amsterdam Island - X11.2007
Amsterdam Island - X11.2007
Scotland - 111.2006

Scotland - 111.2006

Scotland - 111.2006

Scotland - 111.2006

Scotland - 111.2006

Scotland - 111.2006

Torres del Paine (Chile) - 1.2007

De Wieden (The Netherlands) - 11.2007
Torres del Paine (Chile) - 1.2007
Stappersven (Belgium) - 2014
Stappersven (Belgium) - 2014
Stappersven (Belgium) - 2014
Scotland - 111.2006

. Van de Vijver

. Van de Vijver
. Van de Vijver
Van de Vijver
Van de Vijver
Van de Vijver
Van de Vijver
Van de Vijver
Van de Vijver
. Vanormelingen

. Souffreau

. Souffreau
. Van de Vijver
. Van de Vijver

. Van de Vijver

. Souffreau
. Vanormelingen
. Souffreau
. Vanormelingen

. Vanormelingen

U v U PN OO P> P PP PP ® W OO >0 P EEOEE OO P OO P WO P P W

. Vanormelingen

. Poulickova and D.

. Pouli¢kovd and D.
. Pouli¢kovd and D.
. Pouli¢kovd and D.
. Pouli¢kovd and D.
. Pouli¢kovd and D.

. Poulickovd and D.

. Obbels and K. Sabbe
. Obbels and K. Sabbe

0O 00 0 0 0

. Mann

. Mann
. Mann
. Mann

. Mann

Mann

. Mann

A. Poulickova and D. G. Mann




Supplementary Table VI. PCR primers details.

Marker PCR primer sequence (5’ - 3’) Reference
28S rDNA D1R-F: ACCCGCTGAATTTAAGCATA Scholin et al. 1994

D2C-R: CCTTGGTCCGTGTTTCAAGA Scholin et al. 1994

T16N: AMAAGTACCRYGAGGGAAAG Saunders unpublished

T24U: SCWCTAATCATTCGCTTTACC Hamsher & Saunders unpublished
COX1 GazF2: CAACCAYAAAGATATWGGTAC Saunders 2005

KEdtmR: AAACTTCWGGRTGACCAAAAA Evans et al. 2007

Supplementary Table VII. Five best fitting nucleotide substitution models for two markers.

Marker Model Parameters BIC AlCc InL

28S rDNA GTR+G+l 133 9965.863 8803.702 -4268.465
TN93+G+l 130 9985.386 8849.423 -4294.343
K2+G+l 126 9994.399 8893.366 -4320.337
HKY+G+l 129 9999.173 8871.943 -4306.609
T92+G+l 127 10005.583 8895.818 -4320.557

COX1 TNI93+G 105 9724.142 8842.003 -4315.664
GTR+G 108 9726.844 8819.521 -4301.404
TN93+G+| 106 9734.549 8844.016 -4315.664
GTR+G+l 109 9737.251 8821.534 -4301.404

HKY+G 104 9738.743 8865.000 -4328.169




