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Summary

The recent taxonomy of diatoms is basically based on investigaifoveslve morphology,
cell components and life cycle (e.g., Rowtdal, 1990). But the development of PCR has
facilitated the use of DNA sequences for inferring phylogeniase& on morphology, the
taxonomy of the family NaviculaceasefisuKrammer & Lange-Bertalot, 1986) has been
highly changed (e.g., Roura al, 1990), but little work has been carried out with molecular
data for this large and ecologically important group of diatoms.

My thesis was aimed at the investigation of evolutionary oelatiips within the naviculoid
pennates using molecular and morphological data. Ninety-one cultursning 72 species
of 22 genera were isolated and their morphology examined. Sixty-tvinesd species belong
to the Naviculaceae. Phylogenies based on sequences of the -encleded SSU rRNA

gene, the LSU rRNA gene, the chloropldstl. gene and a combined dataset were compared.

The SSU rRNA gene is the most widely used gene for infepingogenetic relationships.
The combination of conserved and variable regions in this gene allowiess of most
phylogenetic relationships. Because the D1/D2-region of the LFEArgene comprises
more highly variable areas than the SSU rRNA gene, a strongé&rgphgtic signal for
closely related species was estimated. Alsortite gene was used in this study to obtain
clearer information of evolution at lower (order to genus) levelsxxdnomic hierarchy in
diatoms. But in this study the trees based on the LSU rDNAlzidgene sequences do not
provide stronger supported results for closely related speciesanétgses of the combined
dataset resulted in trees with higher bootstrap support thamaesas of the single genes,
although partition homogeneity test resulted in a very low p-valuereBts of the partition
homogeneity test should not be used to determine whether or not to catatansets for

phylogenetic analysis.

This study confirms the assumption that the gévangcula sensu lates a very heterogenous
group and my results support the monophylyNaivicula sensu strictoThe separation of
Craticula, Eolimng Hippodonta Luticola, MayamaeandPlaconeisfrom the genus could be
confirmed. ‘Naviculd species, which do not belong to the sectidneolatae could be
recombined:Navicula integrais the type species of a newly described gdtmestauroneis
Bruder, gen nov. (Type speciesPrestauroneis integrgW. Smith) Brudercomb nov);
Navicula brockmanniiis transferred to the gendgllafia (A. brockmanni{Hustedt) Bruder
comb. noy and Navicula hambergiiis placed withinPlaconeis (Placoneis hambergii

(Hustedt) Brudecomb. noy). The differences of their sequences indicateshhatomusvar.
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atomusandM. atomusvar. permitiswere not just two varieties of the same species but two

different species.

The monophyly of the gener&occoneis Craticula, Cymbella Encyonema Eunotiag
Gomphonemalyrella, Mayamaea Placoneis, Pleurosigmand Sellaphorais supported by

the recent study. But the actual differentiation of the ge@=aimneisand Pinnularia is
rejected. The molecular results support groups defined by Kramrhande-Bertalot (1985),
based on the morphology of the internal openings of the alveoli. A geriushihad be
subdivided isAmphora Molecular and morphological data strongly support a separation of
the subgenublalamphora But further investigations on the subgeklsgamphorais needed
because the results of the analysis from SSU rDNA sequencesatendhat this is still an
artificial group. This study does neither support nor refuse a sepacd Cymbella because

of the different results in the molecular phylogenies.

This study also resolve several relationships between diffeesretrgHippodontais shown

to be sister tdNavicula sensu strictol'he family Stauroneidaceae could be recovered and the
addition of the newly describes genReestauroneigo this family is proposed. The results
also support to include the gerdayamaeanto the suborder Sellaphorineae, which could be
recovered in most phylogenies. The marine and freshwater monoiggingda are clearly
separated. The marine genera form the sister clade to tHaBaleis, whereas the freshwater
monoraphid genera diverge within the naviculoid pennates. The relationshipehetie
freshwater monoraphid genera and the naviculoid pennates could not be dresolve
unambiguously but they might be close relativeAdiffia brockmanniiand the Cymbellales.
The monophyly of the order Cymbellales is strongly supported hieutetsults contradict the
arrangement of the families Cymbellaceae and Gomphonematbeeaeise in most trees
Gomphonem@&Gomphonemataceae) diverge within the Cymbellaceae. The oasteuliles

and the suborder Naviculineae as used in Retradl (1990) are shown to be heterogenous in

all trees.
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Zusammenfassung

Die Taxonomie der Diatomeen basiert vor allem auf Untersuchungéfablemnmorphologie,
der Zellkomponenten und des Zellzyklus (z.B. Roandl, 1990). Die Entwicklung der PCR
hat zusatzlich die Verwendung von DNA-Sequenzen bei der ErmitlangStammbaumen
ermoglicht. Die Taxonomie der Familie Naviculaceaen6uKrammer & Lange-Bertalot,
1986) wurde bereits aufgrund morphologischer Untersuchungen stark vei@rgleRound
et al, 1990), aber es gibt nur wenige molekularbiologische Arbeiten fur died&e und

Okologisch wichtige Gruppe der Diatomeen.

Ziel meiner Arbeit war die Untersuchung der evolutionaren Verisgk zwischen
naviculoiden Diatomeen unter Verwendung von molekularen und morphologischem. Da
Insgesamt wurden 91 Kulturen, die 72 Arten aus 22 Gattungen enthieltégrt isod ihre
Morphologie untersucht. Zur Familie Naviculaceae gehdren 62 dieden.Avon allen
Kulturen wurden die Sequenzen der im Zellkern vorliegenden SSU riidIALSU rDNA
sowie des im Chloroplastengenom kodiertboL Gens bestimmt. Die auf den einzelnen
Genen sowie einem kombinierten Datensatz basierenden Phylogenien wurdeheserg|

Zur Bestimmung phylogenetischer Beziehungen wird meist dasrBSIA Gen verwendet.
Durch die Kombination konservierter und variabler Regionen eignesics fiur die
Untersuchung der meisten phylogenetischer Beziehungen. Di2ERéBion der LSU rDNA
beinhaltet mehr hoch variable Regionen als die SSU rDNA, weshialbstarkeres
phylogenetisches Signal bei nah verwandten Arten erwartet waudh.die Verwendung des
rbcL Gens sollte eine bessere Auflosung der Evolution auf einem geedn Level (Ordnung
bis Gattung) erzielen. Die auf der LSU rDNA und ddsal Gen basierenden Phylogenien
zeigen in dieser Studie aber keine eindeutigeren Ergebnissalitiverwandte Arten. Die
Analyse des kombinierten Datensatzes ergab die am besten durchirapedisrte
unterstitzten Phylogenien, obwohl der ,partition homogeneity tes€nesehr niedrigen p-
Wert ergab. Dies unterstitzt, dass das Ergebnis dieses hasteentscheiden sollte, ob

mehrere Datensatze kombiniert analysiert werden oder nicht.

Diese Studie bestatigt die Annahme, dass die Gattdagcula sensu latoeine sehr
heterogene Gruppe ist. Zusatzlich unterstlitzen meine ErgeluesddonophylieNavicula
sensu strictoDie Abspaltung vorCraticula, Eolimnag Hippodonta Luticola, Mayamaeaind
Placoneisvon der Gattung konnte bestéatigt werdedaviculd Arten, die nicht zur Sektion
Lineolataegehdren, konnten neu zugeordnet werdégwicula integraist die Typus-Art der

neu beschriebenen GatturRrestauroneisBruder, gen nov. (Typus-Art: Prestauroneis
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integra (W. Smith) Brudercomb nov); Navicula brockmanniiist zur GattungAdlafia (A.
brockmannii(Hustedt) Brudercomb. noy) und Navicula hambergiizur GattungPlaconeis
(Placoneis hambergi{Hustedt) Brudecomb. noy) Uberfuhrt worden. Die Unterschiede ihrer
Sequenzen lassen vermuten, dass es siciMbatomusvar. atomusund M. atomusvar.

permitisnicht nur um zwei Varietaten sondern um zwei Arten handelt.

Die Monophylie der GattungerCocconeis Craticula, Cymbella Encyonema Eunotig
Gomphonema Lyrella, Mayamaea Placoneis, Pleurosigmaund Sellaphora konnte im
Rahmen dieser Studie bestétigt werden. Dagegen widerlegen géibnisse die derzeitige
Trennung der Gattunge@aloneisand Pinnularia. Stattdessen werden die von Krammer &
Lange-Bertalot (1985) definierten Gruppen, die sich vor allem duetMdrphologie ihrer
internen Alveolendffnungen unterscheiden, unterstitzt. Die Ga#wmghorasollte weiter
unterteilt werden. Sowohl molekulare als auch morphologische Dat&rstitzen eine
Abtrennung der Untergattunglalamphora Es sind jedoch weitere Untersuchungen der
UntergattungHalamphoranotwendig, da die Analyse der SSU rDNA Sequenzen andeutet,
dass es sich bei dieser Untergattung noch immer um eine kiin§licppe handelt. Auf der
Basis dieser Studie kann eine Aufteilung der Gatt@ygnbella weder widerlegt noch
beflrwortet werden, da sich die Beziehungen innerhalb dieser Gatiuden einzelnen

Phylogenien unterscheiden.

Diese Studie klart auch einige Beziehungen zwischen verschiedenendgeatauf. So zeigen
die Ergebnisse, dadsippodontadie Schwestergattung vddavicula sensu strictést. Die
Familie Stauroneidaceae konnte bestétigt und die neu beschrieb&nmegBatstauroneizu
dieser Familie hinzugeflgt werden. Aufgrund dieser Studie sollt&diringMayamaean

die Unterordnung Sellaphorineae eingegliedert werden. Innerhalb der apbitan
Gattungen zeigt sich eine klare Trennung der marinen und der Sul3¥WesseDie marinen
Gattungen bilden die Schwestergruppe der Bacillariales, wahrelndli® StRwasser-Arten
innerhalb der naviculoiden Diatomeen abspalten. Das Verhaltnistamisten monoraphiden
Suflwasser-Gattungen und den naviculoiden Diatomeen konnte nicht eindeutig gekla
werden, aber meine Ergebnisse weisen auf eine nahe Verwandtschedtafié brockmannii
und der Ordnung Cymbellales hin. Die Ergebnisse bestétigen die Mdeogar Ordnung
Cymbellales, aber sie widersprechen der Einteilung der Famiigmbellaceae und
Gomphonemataceae, da siGomphonemgGomphonemataceae) in fast allen Phylogenien
innerhalb der Cymbellaceae abspaltet. Die Ordnung Naviculales undrdexordnung
Naviculineae, wie sie in Rounét al (1990) eingeteilt wurden, haben sich in allen

Phylogenien als heterogen erwiesen.
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1. Introduction

“Few objects are more beautiful than the minute siliceous cas$ethe
diatomaceae: were these created that they might be exhandeadmired under

the higher powers of the microscope?” (Darwin, 1859)

1.1 Diatom systematics

Diatom valves were one of the favourite subjects for study bgdHg microscopists and the
first diatom was described at the beginning of the 1700s (Retuald 1990). The description
of diatom species and their taxonomy has been traditionally asdight-microscopical
studies of valve shape and structure. With the introduction of eletii@nscope techniques,
more details of valve structure (e.g., the areolae, processebes) were visible. Although
diatom classification depends to a great extent on valve morphokmyrdés of the living
cell (e.g., number and form of chloroplasts and pyrenoids) and edodogyalso been taken
into account (Mereschkowsky, 1903, Cox & Williams, 2000).

Based on their valve morphology, Schitt (1896) separated the diatomsontaain groups:
Centric diatoms with a radial symmetry and bilaterally syatrical pennate diatoms. Later
the pennate group was subdivided into species with a raphe slieastbne valve and those
species without a raphe (e.g., Hustedt 1961-1966, Retiral, 1990). The raphe slit is
necessary for diatom locomotion. This classification implies ¢katrics and pennates each
represent natural evolutionary lineages. But in fossil records, cefiitoms have been
recovered from Jurassic and Late Cretaceous (e.g., Rothpeltz, 1886)ik&iva &
Martirosjan, 1981, Gersonde & Harwood, 1990, Harwood & Gersonde, 1990), whereas
araphid pennate diatoms appear in the Late Cretaceous (e.g., Moskkaljt2983). Raphid
pennate diatoms, which today represent the most diverse group, haveed®ered from
Tertiary (Strelnikova, 1990). In some phylogenetic analyses thacdi@toms grade into the
pennate diatoms (e.g., Kooisetal, 2003, Sorhannus, 2004). Other molecular phylogenies
show two different clades (e.g., Medlgt al, 2000, Medlin & Kaczmarska, 2004). These
studies differ in the number of used sequences, in species campasit in the outgroup
used. But none of the phylogenies reflect the traditional groupscdiiteic and the araphid
pennate diatoms are shown to be paraphyletic. Only the raphid penatmesdiand the

pennate diatoms are monophyletic in all studies.
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Medlin and Kaczmarska (2004) proposed a revised classification basedlecular data,

morphological and cytological features:
SubdivisionCoscinodiscophytinMedlin & Kaczmarska

Class Coscinodiscophycea®ound & Crawford, emend. Medlin & Kaczmarskehich

comprises the “radial” centrics;
SubdivisionBacillariophytinaMedlin & Kaczmarska

Class Mediophyceae(Jouse & Proshkina-Lavrenko) Medlin & Kaczmarskahich

comprises the “multipolar” centrics plus the radial Thalassiosirales;

Class BacillariophyceaeHaeckel, emend. Medlin & Kaczmarskahich comprises the

pennate diatoms.

Study performed by Guilloat al. (1999) and Daugbjerg & Guillou (2001) based on different
genes have shown the Bolidophyceae to be the sister group to the diatoms.

1.2 Some problematic genera

1.2.1Navicula

The genusNavicula was described by Bory de Saint-Vincent in 1922 basedlavicula
tripunctata (O. F. Muller) Bory. Within the diatoms, this genus is probablyléngest and
most diverse becaus®laviculahas traditionally been a dump for all bilaterally symmetrical
raphid diatoms lacking particularly distinctive features” (Rowtdal, 1990, p. 566).
Nevertheless, with electron microscopy and the investigation of licelds, the true
morphological diversity of the genus became apparent. Therefore, taoreyisions of this
genus are being made or have been carried out and new generhedescrold genera
resurrected. Since the description of the genus, the taxonasaitngnt of the naviculoid

diatoms has undergone major changes.

Today most diatomists agree tiNdvicula(sensu strictpbshould be used only for species that
belong to the sectiohineolatae (sensuCleve, 1895 and Hustedt, 193M0avicula sensu
stricto encompasses approximately 200 species, which predominantly (about tis)spe
inhabit freshwater environment (Witkowséd al, 1998). There are still many species named
Naviculathat do not belong to this group, but several older genera have beemeates|
(e.g.,PlaconeisMereschkowsky in Cox, 1987) and new genera were described and egparat

from Navicula sensu strictobecause they differ clearly in valve morphology and/or
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chloroplast features, e.gzolimna (Schiller & Lange-Bertalot, 1997Hippodonta(Lange-
Bertalot, Metzeltin & Witkowski, 1996)Luticola (Mann, in Roundet. al, 1990) or
Mayamaea(Lange-Bertalot, 1997). But not all new genera have been accépteatl
diatomists. For example the separation of the géhippodontais under discussion. In her
investigation of the variation of valve morphology, Cox (1999) doubted the trarsscof this
separation. In her study, she could find examples of all chasacted to define the genus
Hippodontain other species oNavicula but no cytological or reproductive evidence that
would support their separation. Therefore she proposed that the spdoested to
Hippodontabe recognised as a subgenuslat/iculaand to enlarge the generic description of

Naviculato cover this.

1.2.2Pinnularia and Caloneis

The genudinnularia was described by Ehrenberg basedPonwiridis (Ehrenberg, 1843). In
1894, Cleve described the gentaloneiswith C. amphisbaenas its type and distinguished
the genus fronPinnularia on the basis of light microscopy. He already noted that “smalle
forms of Caloneiswith indistinct longitudinal lines closely resemble snRilinulariag and
certain of the panduriform species seem to be closely connectéd saime marine,

panduriformPinnulariae” (Cleve, 1894).

Since then, many diatomists investigating the two genera tnageto find morphological
characters to make a clear distinction between the two gerte¥aseparation of the genera
CaloneisCleve andPinnularia Ehrenberg is discussed controversial: Some infer from their
results, that there is a distinguishing combination of characteecbgnise each genus easily
(e.g., Krammer & Lange-Bertalot, 1985, Krammer, 2000). In addition ® dbnclusion
Krammer & Lange-Bertalot (1985) mentioned a potential separatitreée groups: (1) all
species whose alveoli are internally nearly open, as existiRjnimularia interrupta (2)
species with partially closed alveoli, e.G.aloneis amphisbaenand Pinnularia gibba (3)

species with nearly closed alveoli, likaloneis silicula

Other scientists saw great difficulty in distinguishi@gloneisfrom Pinnularia and consider
it is no longer possible to make a clear distinction. Based on valwhology and
chloroplast features, Cox (1988 b) concluded, that “there is as muas Idtle similarity
betweenPinnularia and Caloneisas they presently stand, as between species within each.”
Her investigation of the live structure supported three groups, whicHiféeeent to those
mentioned by Krammer and Lange-Bertalot (1985):Galoneissilicula, Caloneis bacillum

andPinnularia isostauron(2) Caloneisbased orC. amphisbaeng3) Pinnularia based orP.
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nobilis. Roundet al. (1990, p. 556) “were unable to find a satisfactory basis for tdeitraal
separation oPinnularia from Caloneis... and conclude that RPinnulariais ever split, it will

not be along the traditional boundary between the two genera”.

Mann (2001) also doubted the correctness of the traditiimalularia-Caloneisdistinction

and comes to the conclusion, that “until we have a clearer idegationships within the
Pinnulariaceae, especially from gene sequence data, it may be best tarecoepatisfactory
classification that we have, rather than attempt to produce a nethanmight be worse”
(Mann, 2001, p. 34). But hitherto no extensive phylogenetic analysis baseodlecular data

has been made.

1.3 Molecular phylogenetics

It has long been evident, that there is useful information about vy history in gene
sequences. The wide application of this method began with the apmeafdhe polymerase
chain reaction (PCR) in mid-1980 (Mullet al, 1986, Mullis and Faloona, 1987, Sagkial,
1988). Coupled with the direct didesoxynucleotide sequencing of amplifeatugs, the
technique became a powerful tool in life sciences. Sequences ohlsgeees were used to
reconstruct phylogenies of prokaryotes (e.g., Woese, 1987), singletdadryotes (e.g.,
Medlin et al, 1997) and higher plants (e.g., Soditsal, 2000) and animals (e.g., Solkdral,
2000). Interest in phylogeny reconstruction has increased so rapadipdw roughly 4,000

articles that include a phylogenetic tree are published each yeat, (P229).

1.3.1 Nuclear-encoded rRNA genes

Because rRNA genes serve a pivotal role in the protein synthesibinery they occur
universally in prokaryotic and eukaryotic cells without a changeeir function. Because
helical formation occurs in their secondary structure (Fig.1), wbanot change otherwise
the function of the molecule would be lost, different regions evolweeiat different rates
(Woese, 1987). This combination of conserved and variable regions atiagisssof most
phylogenetic relationships from studies of deep phylogeny Eayalier-Smith, 2004) to

microdiversity surveys (e.g., Saetal.,2003).

The rRNA genes are combined in multigene families with updadands of copies arranged
in tandem arrays. Each individual repeat consists of the small suBNAt gene (SSU rRNA
gene, SSU rDNA), the gene encoding the 5.8S rRNA, the large suRNA gene (LSU
rRNA gene, LSU rDNA) and two internal transcribed spacers, known as ITS 1 and Ih& 2. T
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Fig.1: SSU rRNA secondary structure modelBgzicillaria paxillifer
(The European Ribosomal RNA databank, http://rrna.uia.ac.be/)

internal transcribed spacers are located between the regiomg dodismall subunit rRNA
and 5.8S rRNA, and between the latter and the large subunit rRNA codiag. e addition,
an external transcribed spacer (ETS) occurs upstream to #llessiounit rRNA gene. These

transcription units were separated by an intergenic spacer (IGS). (Lomagv&l [1980)

The multiple copies of this cluster appear to be highly homogenighthwan organism and
among different individuals of the same species. The main meohdaisthis concerted
evolution seem to be gene conversion between sister chromatidsepftestion and unequal
crossing-over between homologous chromosomes (Schlotterer & Tautz, 1994highhe
number of homogenized copies avoids the extensive sampling requinadgbsingle-copy
genes. But some exceptions of the usual gene homogenization are kmowimst&nce in
some species of the protiBlasmodium,two different types of SSU rDNA exist, whose
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expression is linked to different stages of the parasiticyifée of this organisms (Gunderson
et al, 1987, Waterst al, 1989, Qaret al, 1994).

1.3.1.1 Small subunit rRNA gene

The SSU rRNA gene is the most widely used gene for infepindogenetic relationships.
Thousands of partial and complete sequences (approx. 1800 bp in eukaryotes) fr
prokaryotes, single-celled and multicellular eukaryotes can be foundternet-available
databases like GenBank (http://www.ncbi.nlm.nih.gov/). In diatoms, the lgenbeen used

to study their position within the heterokont algae (e.g., Daugbjefndersen, 1997), to
reconstruct the evolution of the major classes (e.g., Medlin & Karxsi@a, 2004) or to assess

the monophyly of diatom orders or genera (e.g., Besztail, 2001).

Kooistra & Medlin (1996) calculated a relatively fast substitutate (1% per 18 to 26 Ma)
in the SSU rDNA of diatoms. In the same study it was proven,ttieaevolutionary rate
differs within the diatoms. In particular, the SSU rDNA of peartaka evolve more slowly

than in the other diatom orders.

1.3.1.2 Large subunit rRNA gene

The LSU rRNA gene comprises more highly variable areas trea®8U rRNA gene (Van
der Auwera & De Wachter, 1998). This indicates a stronger paykig signal for closely
related species in comparison with the SSU rRNA gene. Botaig cause problems for
reconstructing deep phylogenies because of saturation effecsgitiad might be indistinct.
Additionally, highly variable sequences are difficult to align. Becauseeofarge size of LSU
rDNA (over 3300 bp) complete sequences of this region are rare.allypised sequences
are derived from several parts of the gene, for example appreyné@0 bp from the 5’ end
of 26S rDNA (D1/D2 region).

1.3.2 Plastid-encoded protein-coding genes

Not all DNA in eukaryotes is stored within the cell nucleus.aDeljes, like mitochondria or
chloroplasts, contain their own DNA. Organelle genomes usually casfssstsingle DNA
molecule and each gene is normally present only once. The chkirgglaome contains
predominantly protein-coding genes. In protein-coding genes the evolut®rdikegrges
between the different codon positions: The mutation rate at thepigition is higher than
the rates at the first or second position, because nucleotide chantesthird position in

most cases are synonymous mutations. Synonymous mutations have no enfinetite
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amino acid coded and thus it appears that they depend only on thedoackmutation rate.
But nucleotide changes at the first or second codon position nearlysallead to
nonsynonymous substitutions, which result in a change of the encoded ardindhacfore
the third codon position is downweighted or omitted very often, if proteimgogenes are

used for phylogenetic analyses.

1.3.2.1rbcL gene

The enzyme ribulose-1,5-bisphosphate carboxylase (RUBISCO) is rédpdos fixation of
carbon dioxide in the Calvin cycle. The holoenzyme is formed by mek6structure that
includes eight identical chloroplast-encoded large subunit polypeptidesight small
subunit polypeptides. ThicL gene encodes the large subunit of RUBISCO and is located in
a single-copy region of the chloroplast genome. It is typically 14&8! bp in length and
insertions or deletions are extremely rare (Soltis & Sd888). Although some chloroplast-
encoded genes are interrupted by introns, this is not the cabe fbclt gene (Clegg, 1993).
This positional conservation of coding information permits the unambigaligrsment of

rbcL sequences.

The relative rate of evolution of SSU rRNA aritL genes varies among groups. ThelL
gene generally evolves about three times faster than SSU mbE#giosperms but is slower
in Orchidaceae (Soltis & Soltis, 1998). Within the phaeophytesglatisifaster mutation rate
of therbcL gene has been observed (Draisma & Prud’homme van Reine). Comp&8tlt
rDNA, the rbcL gene appears more suited to studies of evolution at lower (frdgmus)

levels of taxonomic hierarchy in diatoms (Maetral, 2001).

1.3.3 Gene combination

A gene phylogeny based on a single gene may not agree wittrgarismal phylogeny
because of such biological processes as introgression, linedigg sord gene duplication
(Hillis, 1987, Doyle, 1992, Lutzoni & Vilgalys, 1995). Therefore phylogengees derived
from different data sets may also differ. If the primangiest is the phylogeny of organisms
rather than genes, this problem of differential phylogenetionyistmong data sets argues for
the use of multiple data sets, often concatenated. Several dtadesuggested that data sets
should not be combined if the data partitions are heterogenous (e.g.etBall, 1993,
Huelsenbeclet al, 1996). The incongruence length difference (ILD) test (Fatrad, 1994)

or the equivalent partition homogeneity test (Swofford, 1995) have Umsghto determine
whether or not to combine data sets for phylogenetic analysis (e.g. Johnscen&e®or1998,
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Hoot et al, 1999). But other studies have found tRa¥alues < 0,05 should not preclude
dataset combination (e.g., Sullivan, 1996, Davial, 1998, Flynn & Nedbal, 1998, Yodet
al., 2001).

Both simulations (e.g., Hillis, 1996, Graybeal, 1998) and empirical st(dig., Soltiet al,
1998, Soltiset al, 2000) indicate that additional data can improve phylogenetic infex@fice
molecular phylogenies. For example, analyses of angiospédationships on the basis of
gene sequences fabcL, atpB and 18S rDNA showed increased resolution and internal
support (as measured by bootstrap values), and faster run timestike data sets for these
genes were combined rather than analysed separately @atis1998, Soltiset al, 2000).
Sorhannus (2001) analysed heterokont phylogeny based on a combined d&tds& N3,
LSU rDNA, rbcL gene and morphological data) using one exemplar of each major guup.
he did not find greatly increased support among class relationships in his analysis

1.3.4 Molecular phylogenies of diatoms

Most molecular phylogenies of diatoms have been reconstructedili®muclear-encoded
small subunit (SSU) and the large subunit (LSU) ribosomal RNAsg@viedlinet al, 1991,
1993, Sorhannust al, 1995, Kooistra & Medlin, 1996, Medliat al, 1996 a, b, Van der
Auwera & De Wachter, 1998, Medliet al, 2000, Beszteret al, 2001, Lundholm &
Moestrup, 2002, Lundholmet al, 2002 a,b, Kooistrat al, 2003, Behnket al, 2004, Medlin
& Kaczmarska, 2004, Sorhannus, 2004). In addition the internal transsphedr regions in
the nuclear-encoded ribosomal DNA cistron (Zechmetrad, 1994, Behnket al, 2004), the
mitochondrion-encoded cytochrome c oxidase subunit | (coxA, E&ara, 2000), the
chloroplast-encoded elongation factor Tufd, Delwicheet al, 1995, Medlinet al, 1997),
the chloroplast-encoded RNA polymerase alpha subpo#( Fox & Sorhannus, 2003) and
the chloroplast-encoded ribulose-1,5-bisphosphate carboxylase large suboelif (
Daugbjerg & Andersen, 1997, Daugbjerg & Guillou, 2001, Manal, 2001) have been used
for studying molecular systematics in diatoms or their imglahip within the heterokont

algae.

The majority of molecular studies investigating the evolution diodia have used species
from all classes (e.g., Medliet al, 1993, Sorhannust al, 1995, Medlinet al, 1996 a, b,
2000, Kooistraet al, 2003, Medlin & Kaczmarska, 2004, Sorhannus, 2004). But in these
studies most orders are represented by three or less spegiesiofecular studies have been
carried out with focus on some closely related genera (e chpznnret al, 1994, Besztert

al., 2001, Lundholm & Moestrup, 2002, Lundhok al, 2002 a, b, Behnket al, 2004).
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Only two of these studies (Besztet al, Behnkeet al, 2004) concentrated on species
belonging to the NaviculaceaensuKrammer and Lange-Bertalot (1986). Besztetrial.
(2001) determined SSU rDNA sequences of six naviculoid species. rEseiits slightly
contradicted the monophyly of the Naviculaceae, bec@maphonema parvulurdid not
cluster within this group. Based on their data Besaeal. (2001) concluded, that further
SSU rDNA sequences from close relativessofparvulumcould possibly reinforce or reject
the hypothesis about Naviculaceae being a monophyletic group. In ecerdg studies based
on a large number of sequences (Kooisttaal, 2003, Medlin & Kaczmarska, 2004,
Sorhannus, 2004%. parvulumcluster within naviculoid diatoms. But the Naviculaceae did
not form a monophyletic group in these studies, because gener&uikella (family
Surirellaceae) orCocconeis(family Achnanthaceae) cluster within the Naviculaceae. The
study of Behnkeet al. (2004) concentrated on the gen8egllaphora and interclonal
relationships of several clones®f pupulaln the SSU rDNA phylogeny shown in this study,
the Naviculaceae form a monophyletic group. But this tree did not insleges belonging
to the families Surirellaceae or Achnanthaceae. This wadirdtedataset containing a
Navicula sensu strictON. cryptocephal® and aNaviculasensu latoN. pelliculosg section
Minusculag and the two species were clearly separated in the inferrddgeny. The
greatest number of naviculoid species was present in the daseseby Sorhannus (2004).
Even there only four genera were represented by more than ociesspe the shown
phylogeny inferred with SSU rDNA sequences only the g&mmphonemdrepresented by
two species) formed a monophyletic cladenphora(three specieskolimna (two species)

andNavicula sensu strict@wo species) did not form a monophyletic group.

1.4 Aims of this study

Since the electron microscopy was introduced to diatom réseart features of live cells,
ecology and molecular data were taken into account, many changjasom taxonomy have
occurred. The taxonomy of the family NaviculaceaenuKrammer & Lange-Bertalot,
1986) has been changing greatly. Based on morphology the whole faswilgll as many of
its genera, have undergone revisions (e.g., Raindl, 1990). But little work has been

carried out with molecular data for this large and ecologically irttegegroup of diatoms.

In order to estimate evolutionary relationships within the Naviealadqsensu Krammer &
Lange-Bertalot, 1986) and to access the nomenclatural problems Inpedtfgrhylogenetic
analyses of several freshwater species. But a gene tree twasedingle gene does not

necessarily agree with the true species tree, that regdberdctual evolutionary pathway of
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the species involved. Therefore three different genes were seguér each culture and
phylogenies were reconstructed for each gene and a phylogenatisisa based on a
combined data set of all three genes was conducted. Adittionallyn¢mphology of the
sequenced species was investigated.
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2. Materials and Methods

2.1. Cultures

The cultures used in this study were established within the sifoje AlgaTerra project
(http://www.algaterra.net/). The field samples were taken Beweral terrestrial, freshwater
and brackish habitats in northern Germany (Fig.2). Between Novetfibérand September

2003 220 samples from 83 different sites were taken.

it

Fig.2: Sampling sites (map from Stiefel Verlag GmbH, Lenting)

Cultures were initiated from these samples using a DY-IV amediAnderseret al, 1997)

mixed 2:1 with filter-sterilized (pore size: 0,1 um) wateni the sampling sites. After one to
four days, clonal cultures were isolated from these initial @gtuviost of these isolates still
contain small flagellates. In order to purge these flagelfates the cultures a small number
of diatom cells was transferred to fresh medium several tandghan grown on agar plates
(see recipe below) for one to three weeks. From these plateslanumber of diatom cells
were transferred to liquid medium. If necessary the entire guoeewas repeated several

times.
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Recipe for agar plates:
* 9 g Agar Agar was diluted in %2 litre deionised water and autoclaved
* Double concentrated DY-IV medium was filter-sterilized (pore size: 0,1 pm)

» Both mixtures were temperated to approximately 60°C and mixed 1:1.

All isolates were grown under a 14/10 light/dark cycle with photondknsities between 30
and 120 pM photons s at 15°C. The clonal cultures were grown in modified DY IV
medium (Andersert al, 1997) enriched with 5%-10% soil-extract (see recipe below). For
isolates from alkaline, acid or brackish habitats the medisagjasted by addition of sodium
hydroxide, hydrochloric acid or IMR-media (Eppletyal, 1967).

Recipe for soil-extract:

* One | dry nonfertilized garden soil (J.Arthur Bower's Africaml¥i Compost, William
Sinclair Horticulture Ltd.) was saturated with bidistilled wadéd infused for several

days at room temperature.
« After autoclaving, the hot water/soil-mixture was filtered througlbartatory paper filter.

 Afterwards, the mixture was filtered several times wiithvetepwise reduced pore size

(20 pm, 5um, 3um and 2um).

The 91 cultures used for this study contain 72 species belong to @ gerd were isolated
from 45 different field samples. Eighty-one cultures contain 62ispdmelonging to the
family Naviculaceae. Because monoraphid species of the family Achnantichestae within

the Naviculaceae in several studies (Kooisttaal, 2003, Medlin & Kaczmarska, 2004,
Sorhannus, 2004), | additionally used sequences of species belonging feorihis Three
cultures contairEunotia species. Centric and araphid species were used as outgroup. All

cultures grown for this study and their place of origin are shown in Table 1.
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Tab. 1: List of diatom cultures established and sequenced within the sdbestédy.

DNA- place of origin

preparation culture species author GPS discription source
1438 AT_196Gel02)/Achnanthidium minutissimu |(Kutzing) Czarnecki 54°10,97N; 10°37,9RKkelei See lake, plankton
1427 AT_212.06 |Amphoracf. fogediana Krammer 54°19,86N; 10°17,7dBobersdorfer See lake, benthos
1264 AT _117.10 |Amphora libyc Ehrenberg 53°09,51N; 08°42,5EEsum, near river mouth river, plankton
1263 AT_105Gel05Amphora normann Rabenhorst 53°09,90N; 08°45,10KEimme river, benthos
1265 AT_117.11 |Amphora pedicult (Kitzing) Grunow 53°09,51N; 08°42 5[ Esum, near river mouth river, plankton
1554 AT_221.04 |Amphorasp. Ehrenberg ex Kitzing 53°06,41N; 08°11,A3Ente, near Hundsmuhlen river, plankton
12563 AT _67.02b  |Asterionella formos Hassall 53°13,79N; 08°41,0fEkeeste, bridge near Bramel river, planktot
1550 AT_177.07 |Caloneis amphisbaena (Bory) Cleve 53°04,08N; 08°29,0Hmsbruch, near hunting lodge ditch, benthod
1323 AT _220.06 |Caloneis budensis (Grunow) Krammer 53°06,41N; 08°11,2BHnte, near Hundsmiihlen riverside, soll
1446 AT_160Gel04|Caloneis lauta Carter & Bailey-Watts 52°57,65N; 08°20,6PBggenpohls Moor soil, moss
1415 AT _212.07 |Cocconeis pediculus Ehrenberg 54°19,86N; 10°17,7P®bersdorfer See lake, benthos
1418 AT _212Gell1|Cocconeis placentula Ehrenberg 54°19,86N; 10°17,7P®bersdorfer See lake, benthos
1318 AT_200.05 |Craticula cuspidata (Kitzing) D.G. Mann 54°11,69N; 10°36,2&Eumm See lake, benthos
1320 AT_219.03 |Craticula cuspidata (Kitzing) D.G. Mann 53°06,41N; 08°11,2BHinte, near Hundsmuihlen river, benthos
1283 AT_5Nav02 |Craticula halophilioides (Hustedt) Lange-Bertalot 53°09,65N; 08°43,Md&schinenfleet canal, plankton
1308 AT_36klein |Craticula halophilioides (Hustedt) Lange-Bertalot 53°12,72N; 08°26,88Eser, near Rekum river, benthos
1284 AT_70Gell4a|Craticula molestiformis (Hustedt) Lange-Bertalot 53°13,79N; 08°41, [ Beeste, bridge near Bramel riverside, moq
1493%3) |AT L1840 Cyclotella choctawatcheeanalPrasad Geeste, near Bremerhaven river
1414 AT_204Gel02|Cymbella affinis Kitzing 54°09,09N; 10°27,4ErGror3er Madebroken See lake, plankton
1423 AT _213.04 |Cymbella affinis Kitzing 54°19,86N; 10°17,7i|Eobersdorfer See lake, periphyto|
1421 AT_210Gel07|Cymbella aspera (Ehrenberg) Cleve 54°09,98N; 10°25,TBEmmer See lake, periphyto
1431 AT_194Gel07|Cymbella helmckei Krammer 54°08,53N; 10°39,7(ErolRer Eutiner See lake, benthos
1317 AT_177.04 |Cymbella naviculiformis (Auerswald) Cleve 53°04,08N; 08°29,CrHiEsbruch, near hunting lodgg ditch, benthod

@ DNA and SSU rDNA sequence provided by I. Juri);DNA and SSU rDNA sequence provided by B. Besztétispecies used as outgroup

>

=
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Tab. 1: Continued

=

=]

DNA- place of origin

preparation culture species author GPS discription source
1324 AT 221.02 |Cymbella naviculiformis (Auerswald) Cleve 53°06,41N; 08°11,28BEnte, near Hundsmihlen river, plankton
1422 AT _210Gel13Cymbella proxima Reimer 54°09,98N; 10°25,19Fammer See lake, periphyto
1441 AT 214Gel03Encyonema caespitosum Kitzing 54°19,86N; 10°17,72Bobersdorfer See lake, benthos
1266 AT 137.13 |Encyonema minutum (Hilse) D.G. Mann 53°41,96N; 11°29,1¥Ehweriner See lake, plankton
1267 AT 70Gel18 |Eolimna minima (Grunow) Lange-Bertalot 53°13,79N; 08°41,(BEeste, bridge near Bramel riverside, moq
1268 AT_111Gel09Eunotia formica Ehrenberg 53°11,39N; 08°47,06lamme, near sluice river, plankton
1321 AT_219.07 |Eunotia implicata Norpel, Lange-Bertalot & Alles 53°06,41N; 08°11,A3&Ente, near Hundsmihlen river, benthos
1269 AT_73Gel02 |Eunotiasp. Ehrenberg 53°38,11N; 10°44,5Fnsee lake, periphytor]
1254% 3 |AT 185Gel03|Fragilaria crotonensis Kitton 54°08,53N; 10°39,706roler Eutiner See river, plankton
1410 AT _124.05b |Fragilaria sp. Lyngbye 53°33,00N; 10°55,1@kchaalsee, Zarrentiner Beckgn lake, benthos
1445 AT _108Gel03Frustulia vulgaris (Thwaites) De Toni 53°10,89N; 08°45,76mme, near bridge river, benthos
1424 AT _219GellJGomphonema acuminatum |[Ehrenberg 53°06,41N; 08°11,2Bkinte, near Hundsmihlen river, benthos
1439 AT 196Gel03Gomphonema affine Kitzing 54°10,97N; 10°37,928kelei See lake, plankton
1322 AT_219Gel0§Gomphonema affine Kitzing 53°06,41N; O8°11,2:¥|E[unte, near Hundsmihlen river, benthos
1409 AT_109Gel0gBomphonemaf. angustatum |(Kitzing) Rabenhorst 53°10,89N; 08°45, id&Emme, near bridge river, plankton
1315 AT _161.15 |Gomphonemaf. parvulum (Kitzing) Kutzing 52°57,65N; 08°20,6#oggenpohls Moor puddle, soil
1270 |AT _117.09 |Gomphonema micropus Kutzing 53°09,51N; 08°42,57gesum, near river mouth river, plankton
1271 | AT_117Gel21Gomphonema micropus Kiitzing 53°09,51N; 08°42, 57EeSum, near river mouth river, plankton
1313 AT _160Gel271Gomphonema productum (Grunow) Lange-Bertalot & Reichardt| 52°57,65N; 08&7EPoggenpohls Moor soil, moss
1552 AT _195Gel09Gomphonema truncatum Ehrenberg 54°08,53N; 10°39,7/(oRer Eutiner See lake, periphytd

(Ehrenberg) Lang8ertalot, Metzeltin 4

1272 AT_124.24 |Hippodonta capitata Witkowski 53°33,00N; 10°55,16Echaalsee, Zarrentiner Beckgn lake, benthos
1273 AT_104Gel12auticola goeppertiana (Bleisch) D.G. Mann 53°09,90N; 08°45,10HIMmme river, plankton
1274 AT _115Gel07Mayamaea atomugar. atomus |(Kitzing) Lange-Bertalot 53°11,79N; 08°48,1dBMmMe, near Osterholz river, benthos

@ DNA and SSU rDNA sequence provided by I. Jufyspecies used as outgroup
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Tab. 1: Continued

o

L

=

DNA- place of origin
preparation culture species author GPS discription source
1275 | AT_101Gelo4qMayamaea atomugar. permitis{(Hustedt) Lange-Bertalot 53°40,20N; 10°50,215chwarze Kuhle lake, periphyto
1425 AT _111Gell(QNavicula brockmannii Hustedt 53°11,39N; 08°47,086amme, near sluice river, plankton
1417 AT 212Gel07Navicula capitatoradiata Germain 54°19,86N; 10°17,7IBobersdorfer See lake, benthos
1310 AT 82.04c |Navicula cari Ehrenberg 53°36,36N; 10°54,0REchensee lake, periphyton
1279 AT 114Gel08blavicula cryptocephala Kitzing 53°13,63N; 08°53,22Hamme, near Worpswede river, periphyt
1316 AT _176Gel0gNavicula cryptocephala Kitzing 53°04,08N; 08°29,04Hasbruch, near hunting lodgg ditch, plankto
1416 AT_212Gel01Navicula cryptotenella Lange-Bertalot 54°19,86N; 10°17,7PI®bersdorfer See lake, benthos
1420 AT_210Gel09Navicula cryptotenella Lange-Bertalot 54°09,98N; 10°25,1{FEammer See lake, periphyto
1435 AT_202Gel03Navicula cryptotenella Lange-Bertalot 54°09,86N; 10°32,8Dkeksee lake, benthos
1280 |AT_117GelogNavicula gregaria Donkin 53°09,51N; 08°42 57EESUM, near river mouth river, plankton
1436 AT _160Gel09Navicula hambergii Hustedt 52°57,65N; 08°20,6[F0ggenpohls Moor soil, moss
1430 AT 177.13 |Navicula integra (W. Smith) Ralfs 53°04,08N; 08°29,0asbruch, near hunting lodgd ditch, benthos
1278 AT 114GelOgNavicula radiosa Kitzing 53°13,63N; 08°53,22Hamme, near Worpswede river, periphyt
1433 AT_200.04 [Navicula radiosa Kitzing 54°11,69N; 10°36,24krumm See lake, benthos
1440 AT_205.02b |Navicula radiosa Kitzing 54°09,09N; 10°27,4éGroBer Madebroken See lake, benthos
1282 AT_124.15 |Navicula reinhardtii Grunow 53°33,00N; 10°55,1@kchaalsee, Zarrentiner Beckgn lake, benthos
brackish water,
1411 AT_145.08 [Naviculasp.1 Bory 54°06,55N; 10°48,68Neustadter Binnenwasser  [plankton
1319 AT _201Gel01Naviculasp.2 Bory 54°11,69N; 10°36,24Krumm See lake, benthos
1434 AT _202.01 |Navicula tripunctata (O. F. Muller) Bory 54°09,86N; 10°32,8Heksee lake, benthos
1276 AT_108Gel01Navicula veneta Kitzing 53°10,89N; 08°45,7Q0Hamme, near bridge river, benthos
1277 AT_110Gel19Navicula veneta Kitzing 53°11,39N; 08°47,0é|E[amme, near sluice river, benthos
1281 |AT_117Gel2(davicula veneta Kiitzing 53°09,51N; 08°42 57EESUM, near river mouth river, plankton
1551 AT _177.12 |Neidum affine (Ehrenberg) Pfitzer 53°04,08N; 08°29,0&sbruch, near hunting lodgd ditch, benthos
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Tab. 1: Continued

S

S

DNA- place of origin

preparation culture species author GPS discription source
1426 AT 161.03 |Pinnularia acrosphaeria Rabenhorst 52°57,65N; 08°20,6PBggenpohls Moor puddle, so

ditch between Plotscher {
1286 AT_100Gel01JPinnularia anglica Krammer 53°40,20N; 10°50,21land Schwarze Kuhle ditch, periphyton
1314 AT_160Gel30|Pinnularia mesolepta (Ehrenberg) W. Smith 52°57,65N; 08°20, @7 &ggenpohls Moor soil, moss
1429 AT_161.05 [Pinnularia mesolepta (Ehrenberg) W. Smith 52°57,65N; 08°20, @7 a&ggenpohls Moor puddle, soil
1287 AT_105Gel08|Pinnularia microstauron (Ehrenberg) Cleve 53°09,90N; 08°45, \EmMmMe river, benthos
1288 AT_112Gel04|Pinnularia microstauron (Ehrenberg) Cleve 53°11,39N; 08°47,(I3&mme, near sluice river, periphytd
1289 AT _113Gell1|Pinnularia microstauron (Ehrenberg) Cleve 53°13,63N; 08°53, 22&mme, near Worpswede river, planktor
1290 AT _69.06 Pinnularia microstauron (Ehrenberg) Cleve 53°13,79N; 08°41,0BEeste, bridge near Bramel river, periphyf
1292 AT_70Gel12b|Pinnularia obscura Krasske 53°13,79N; 08°41,0kEeeste, bridge near Bramel riverside, moq
1311 AT _160Gell10|Pinnularia rupestris Hantzsch 52°57,65N; 08°20,6/A6ggenpohls Moor soil, moss
ditch between Pl6tscher 9

1285 AT _100.01 |Pinnularia subcapitata Gregory 53°40,20N; 10°50,21land Schwarze Kuhle ditch, periphyton
1442 AT _70.09 Pinnularia substreptoraphe |Krammer 53°13,79N; 08°41,08keeste, bridge near Bramel riverside, moq
1291 AT 70.10 Pinnularia viridiformis Krammer 53°13,79N; 08°41,08keeste, bridge near Bramel riverside, moq
1428 AT _161.02 |Pinnularia viridis (Nitzsch) Ehrenberg 52°57,65N; 08°20, 7 aggenpohls Moor puddle, soil
1312 AT _160Gel18|Placoneis elginensis (Gregory) E. J. Cox 52°57,65N; 08°20,67&ggenpohls Moor soil, moss
1419 AT_220.09 |Placoneissp. Mereschkowsky 53°06,41N; 08°11,2BHEnte, near Hundsmiihlen riverside, soll
1412 AT_160Gel11]Stauroneis anceps Ehrenberg 52°57,65N; 08°20,6PBggenpohls Moor soil, moss
1294 | AT _117Gell7[Stauroneis gracilior Reichardt 53°09,51N; 08°42,5[HESUM, near river mouth river, plankton
1309 AT_70.12 Stauroneis kriegerii Patrick 53°13,79N; 08°41,08Eeeste, bridge near Bramel riverside, mos
1444 AT _101.02 |Stauroneis kriegerii Patrick 53°40,20N; 10°50,21&chwarze Kuhle lake, periphyto
1293 AT 117.04 |[Stauroneis phoenicenteron |(Nitzsch) Ehrenberg 53°09,51N; 08°42,§7&SuUM, near river mouth river, plankton
1437 AT 182.07 |Stauroneis phoenicenteron |(Nitzsch) Ehrenberg 53°08,06N; 08°53,8&KEmme, Borgfeld river, plankton
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2.2. DNA Methods

2.2.1 DNA isolation

Culture material was concentrated by filtration and quick-fioreliquid nitrogen. Nucleic
acids were extracted using the InvisorBpin Plant Mini Kit (Invitek GmbH, Berlin,

Germany). The given protocol was only modified by a duplication of the two wastepg,

2.2.2. PCR

For each culture, the small subunit rRNA coding gene (SSU rDtha)D1-D2 region of the
large-subunit rRNA gene (LSU rDNA) and the middle part of thalose-1,5-bisphosphate
carboxylase/oxygenase large subunit gebel) were amplified using the polymerase chain
reaction (PCR; Saiket al, 1988). In therbcL gene sequence dRhizosolenia setigera
(GenBank accession number: AF015568) the sequence of the primersR3 eawl be found
at the position 292-314 and 1028-1051, respectively. The primers and condgeuhgor
PCR are shown in the Tables 2 and 3.

Tab. 2: Primers used for PCR

Gene | Primer| Sequence (5'3) Author

Medlin et al. (1988),
SSuU 1F AAC CTG GTT GAT CCT GCC AGT without polylinker

rRNA Medlin et al. (1988),
1528R | TGA TCC TTC TGC AGG TTC ACC TAGwithout polylinker

LSU |DIRF |ACC CGC TGA ATT TAA GCATA Scholiret al. (1994)

rRNA" |D2CR | CCT TGG TCC GTG TTT CAA GA Scholit al.(1994)

rbel. F3 GCT TAC CGT GTA GAT CCAGTT CC | Beszteri, unpubl.

R3 CCT TCT AAT TTA CCA ACAACT G Beszteri, unpubl.

Tab. 3: Used PCR programs

SSU an LSU rRNA rbcL
Cycle step : :
Temperature| Timg Temperature| Time
Initial
denaturation 94°C 7 min| 94°C 10 min
Cycle Cycle
Denaturation 94°C 2mih  94°C 1 min
Annealing 54°C 4 min 56°C 1 min
Elongation 72°C 2 mim 72°C 2 min
Cycle repetitions 35 31
Final elongation 72°C 7miph  72°C 10 min
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The PCR-products were purified by MinEIlfePCR Purification Kit (QIAGEN, Germany)
according to the manufacturer’s protocol. PCR products with muligohels were purified by

excising from a 1% agarose gel.

2.2.3. Sequencing

PCR products were sequenced directly on both strands using EigTByninator v3.1
sequencing chemistry (Applied Biosystems, CA, USA). For the ESBNA gene and the
rbcL-gene the sequencing reactions were made using the samespaimeady used in the
PCR. Because of the length of the SSU rRNA gene, additional internal priraéte 4) were
used. The conditions used for sequencing reaction are shown in tabtpi&n8eg products
were purified by DyeEX" Spin Kit (QIAGEN, Germany) and electrophoresed on an ABI
3100 Avant sequencer (Applied Biosystems, CA, USA).

Tab. 4: Additional primers used in the sequencing reactions of the SSA rDN

Primer | Sequence (5 3') Author
528F | GCG GTAATT CCAGCT CCAA Elwooet al. (1985)
1055F | GGT GGT GCATGG CCG TTCTT Elwoetlal. (1985)

536R | AAT TAC CGC GGC KGC TGG CA Elwoaoet al. (1985)
1055R | ACG GCC ATG CAC CAC CAC CCA T Elwoed al.(1985)

Tab. 5: Used program for the sequencing reaction

Cycle step Temperature Time
Initial
denaturation 96°C 1 min
Cycle
Denaturation 96°C 10 sec
Annealing 50°C 5 sec
Elongation 60°C 4 min
Cycle repetitions 25

2.3. Sequence Analysis

Sequences exported from corrected electropherograms were asbeamsblg SegMan
(Lasergene package, DnaStar, Madison, WI, USA). For the protein-cdathegene, the

protein-sequence was checked additionally. The alignment of tHer[¥SA sequences was
done with ARB using the secondary structure. The sequences of th@ B8gibn and the

rbcL Gene were aligned using ClustalX (Thompsoral, 1997) and checked manually using
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ProSeq v 2.9 beta (Filatov, 2002). The rRNA genes show hypervamgbas for which it is
difficult to obtain an unambiguous alignment. These highly variatds siere excluded from

the alignment.

To get three gene trees with the same set of speciegamaht was computed for each gene
using only the sequences of the cultures established withindbe sf this study (Table 1).
For each gene a second alignment was made using additional seqobtaeed from
GenBank (Table 6).

Tab. 6: List of species of diatoms obtained from GenBank and their accession nohtbenssed
gene sequences

Species SSU rRNALSU rRNA rbcL
Achnanthes bongranii AJ535150
Achnanthes brevipes AY485476
Achnanthes minutissima AJ866992
Achnanthes sp. AY485496
Achnanthes sp.2 AJ535151
Achnanthidium cf. longipes AY485500
Amphiprora alata AY485497
Amphiprora paludosa AY485468
Amphora cf. capitellata AJ535158
Amphora cf. proteus AJ535147
Amphora coffeaeformis AY485498 | AF417682
Amphora montana AJ243061
Amphora sp. AB183590
Anomoeoneis sphaerophora AJ535153
Bacillaria paxillifer M87325 AF417678
Campylodiscus ralfsii AJ535162
Cocconeis cf. molesta AJ535148
Cylindrotheca closteriva M87326
Cymatopleura elliptica AJ867030
Cymbella cymbiformis AJ535156
Diadesmis gallica AJB867023
Dickieia ulvacea AY485462
Encyonema cf. sinicum AY571754
Encyonema triangulatum AJ535157
Entomoneis cf. alata AJ535160
Entomoneis sp. AF417683
Eolimna minima AJ243063
Eolimna subminuscula AJ243064
Eunotia minor AY571744
Eunotia bilunaris AJB66995
Eunotia cf. pectinalisf. minor AJ535146
Eunotia formicavar. smatrana AB085830
Eunotia monodowrar. asiatica AB085831
Eunotia pectinalis AB085832
Eunotia sp. AJ535145
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Tab. 6: Continued
Species SSU rRNALSU rRNA rbcL
Fragilariopsis cylindrus AY672802| AF417657
Gomphonema capitatum AY571751
Gomphonema parvulum AJ243062
Gomphonema pseudaugur AB085833
Gyrosigma limosum AY485516
Haslea crucigera AY485482
Haslea nipkowii AY485488
Haslea ostrearia AY485523
Haslea pseudostrearia AY485524
Lyrella atlantica AJ544659 AY571747
Lyrella hennedyi AY571755
Lyrella sp. AY571750
Lyrella sp.2 AJ535149
Navicula atomusar. permitis AJ867024
Navicula cf. duerrenbergiana AY571749
Navicula cf. erifuga AF417679
Navicula cryptocephalaar.veneta |AJ297724
Navicula diserta AJ535159
Navicula lanceolata AYA485484
Navicula pelliculosa AY485454
Navicula phyllepta AY485456
Navicula ramosissima AY485512
Navicula salinicola AY604699
Navicula saprophila AJB67025
Navicula sclesviscensis AYA485483
Navicula sp. AY485513
Navicula sp.2 AY485502
Navicula sp.3 AY485460
Nitzschia amphibia AJ867277
Nitzschia apiculata M87334
Nitzschia communis AJB867278 | AF417661
Nitzschia frustulum AJ535164 | AF417671
Nitzschia sigma AJ867279
Nitzschia vitrea AJ867280
Pauliella taeniata AY485528 | AF417680
Peridinium balticunendosymbiont Y10566
Peridinium foliaceunendosymbiont Y10567
Petroneis humerosa AY571757
Phaeodactylum tricornutum AY485459| AF417681
Pinnularia cf. interrupta AJ544658
Pinnularia rupestris AJ867027
Pinnularia sp. AJ535154
Placoneis cf. paraelginensis AY571753
Placoneis constans AY571752
Pleurosigma intermedium AY485489
Pleurosigma planktonicum AY485514
Pleurosigma sp. AY485515
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Tab. 6: Continued

Species SSU rRNALSU rRNA rbcL

Pleurosigma sp.2 AF525664

Pseudogomphonema| cf. kamschaticum AY571748
Pseudogomphonema| sp. AJ535152

Pseudogomphonema| sp. AF525663

Rossia sp. AJ535144

Sellaphora bacillum AY571745
Sellaphora laevissima AJ544655

Sellaphora pupula AJ544649 AYS571746
Sellaphora pupul&ar. captitata AJ535155

Seminavis cf. robusta AY571750
Stauroneis constricta AY485521

Surirella angusta AJ867028

Surirella brebissoni AJ867029

Surirella fastuosavar. cuneata AJ535161

unculturedEunotialike diatom AY821975

Undatella | sp. AJ535163

Phylogenetic analyses were performed using PAUP* 4.0b10 (Swofford,. 18%#8)) analyses
the data set was rooted using one cent@igclotella choctawatcheg¢aand two araphid
diatoms Fragilaria crotonensisand Asterionella formosg as the use of several outgroup
taxa improves the analyses (Swoffoet al, 1996). For maximum likelihood (ML) and
distance based tree calculations, likelihood scores of differefeatiale substitution models
were compared on a neighbor joining tree using Modeltest 3.0 (Posadandlal, 1998)
Based on the Akaike Information Criterion (AIC) the best fit modes detected (Table 7).
This was used for phylogenetic analyses using ML and neigbivong (NJ) tree inference
with ML distances.Maximum parsimony (MP) and ML trees were obtained in hearisti
searches, with 10 random taxa addition sequed@eassess confidence in clades recovered
bootstrapping of MP and NJ analyses was made with 1000 replifatesessary, a time
limit of 15 minutes was set for each replicate. The used PAtfRmand blocks for all

analyses are shown in the appendix.

Tab. 7: Best fit models to perform ML based tree calculations eéetbgt Modeltest based on AIC
(modelblocks are shown in the appendix)

aligned sequences gene —
SSU rRNA | LSU rRNA rbcL combination
own cultures GTR+I+G| TrN +l +G GTR +I+G GTR +| +
own cultures and sequend 5TR +| +G | GTR +l +G | GTR +| +G
obtained from GenBank
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For weighting the positions in the dataset of thel. gene sequences, the entire dataset was
transferred into MacClade (Maddison and Maddison, 1989). In MacCladbittigobsition
was downweighted and the resulting weight block was added to thetdataese the entire
weighted dataset was transferred back to PAUP and the phymogemalyses were

performed.

For the combined dataset 100 replicates of the partition homogerstjtagamplemented in

PAUP, were performed.

2.4. Microscopy

For identification and morphological investigations of the cultured)t lignd electron

microscopy were used. Living cells as well as cleanedtuless were examined and
photographed by bright field microscopy using a ZEISS Axioplanrastope with a

AxioCam MRc digital camera. In addition, electron micrographs eareéd frustules were
taken at 10kV accelerating voltage on a Quanta FEG 200F, a PHHXLUB® ESEM or an

[.S.1. DS-130.

2.4.1 Purification of the frustules

To remove all organic material, the cells were oxidized wilhnK, for 12-16 hours. Then
HCIl was added and the mixture boiled until it turned light yellow. lidwed was discarded
and the frustules were washed 4 times with distilled water clEaamed frustules were stored

in distilled water.

2.4.2. Slide preparation

To prepare permanent slides several drops of cleaned frustuleaimatas placed on a
coverslip and dried on a heating plate at 60°C. Slides for light rompgsvere provided with
a drop of a Naphrax/toluene-mixture and the coverslips were piectds drop. The toluene

was evaporated on a heating plate at 200°C.

For electron microscopy the coverslips were attached to alumispecimen stubs by
double-sided adhesive tape. The stubs were platinum-coated with a spatex (Emscope
SC 500).



3. Results 27

3. Results

3.1 Molecular data

For 89 of the 91 established cultures the SSU rRNA gene, the Digioirref the LSU
rRNA gene and thebcL gene were sequenced successfully. Fi&ntyonema minutum
(DNA preparation number 1266) arkdustulia vulgaris (DNA preparation number 1445)
only the D1/D2-region of the LSU rRNA gene and the SSU rRN#Aegespectively could be
sequenced successfully. Molecular phylogenies were reconstraotehe base of seven
alignments. Four datasets only consists of sequences of the 89 sciitturehich all three
genes could be sequenced: One alignment for each gene and @set datnbining these
alignments. For each gene an additional alignment was made compiiie available

sequences from all cultures and sequences obtained from GenBank.

3.1.1 SSU rRNA gene

The SSU rDNA sequences for the sequenced taxa were apprelyihi@ab0 nucleotides in
length excluding amplification primers, with the exception_oficola goeppertiangDNA
preparation number 1273), which is longer (1904 nucleotides) because @l sesertions.
One highly variable region in the SSU rDNA alignment could not ig@ed unambiguously.
This segment of 114 nucleotides was excluded from the analysssrdsponds with the
nucleotides 676 to 790 in the sequence flamicola goeppertianaThe final dataset had
1827 positions in total, of which 442 were parsimony-informative and 1@&npay-

uninformative characters.

The maximume-likelihood (ML) tree based on the sequences fronAltigTerra cultures is

shown in Fig. 3. The condensed regions of this figure are shown in detail in Fig. 4.

The three araphid taxa appeared at the base of the MLAs&ionella formosaliverged
first, followed by theFragilaria species. The threleunotia species formed a monophyletic
group (bootstrap support (BS) based on neighbour-joining (NJ) and parsimBynaliElysis:
100/97), which diverged next.

Naviculasensu stricteandHippodonta capitatavere sister groups (clade 1) and formed the
basal clade of the raphid pennates. The monophylyasiculasensu strictavas supported
by 96% of both bootstrap analyses. The supportippodontabeing the sister group was

100% in both analyseNaviculasensu strictavas subdivided in three groups (Fig. 4a). The
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Fig. 3. Phylogeny inferred with the maximume-likelihood (ML) amsédyusing SSU rDNA sequences
from the AlgaTerra cultures. Bootstrap values obtained from 108itatons based on neighbor-
joining (NJ) analysis using Jukes-Cantor (JC) model and on parsiamalysis have been plotted at

the nodes. Collapsed clades are shown in detail in Fig. 4.
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Fig. 4: Details of the ML tree analysis from SSU rDNA@ences from the AlgaTerra cultures. Bootstrap
values obtained from 1000 replications based on NJ analysesJ@simgpdel and on parsimony analyses
have been plotted at the nodes.Naviculasensu strictp(b) Pinnularia andCaloneis (¢) Gomphonema

(d) Cymbella
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first consisted oN. venetaandN. gregaria(BS: 97/98).N. crytotenella, N. reinhardtii, N.
cryptocephalaand the two unidentifiedaviculaspecies formed the second group, which was
supported by 98% and 96% of the bootstrap replicates. The third group comMNanaeliosa,

N. capitatoradiata, N. carand the type speci@s. tripunctata supported by bootstrap values
of 100 and 99.

Clade 2 in the ML tree (Fig. 3), which comprisedticola goeppertianandNeidum affine
had relatively low bootstrap support (52/76).

The five Amphoraspecies formed a monophyletic clade (BS: 48/48), which diverged next
(clade 3). In this cladéd. normanniiis clearly separated from the othmphoraspecies by

branch length and maximum BS for the monophyly of the otherAmphoraspecies.

Clade 4 in the ML tree includdsolimna minimaMayamaeaand allPinnularia andCaloneis
species (BS: 45/59kolimnais at the base of this clade aldyamaeads monophyletic sister
group (BS: 34/48) oPinnularia and Caloneis The monophyly of these two genera had
strong MP bootstrap support (94) and medium NJ BS (76). Within PinnGlalaaeis clade
three sub-clades could be distinguished (Fig. 4b). One group conRirsxtosphaeria, P.
obscura, P. anglica, P. mesolepta, P. subcapitatal P. microstauron C. lauta and C.
budensisformed a second group. The third group consisteld. alipestris, C amphisbaena,

P. viridis, P. cf. substreptoraphandP. viridiformis.

At the base of clade 5 of the ML tree (Fig. 3) the monoraphi@rgekchnanthidiumand
Cocconeisand a sub-clade containigavicula brockmanniiand the Cymbellales diverge
from an unresolved polytomy. In this sub-cladebrockmanniidiverges first, followed by
Encyonema caespitosunomphonemaBS: 42/54), PlaconeigNavicula hambergii(BS:
88/45) andCymbella(BS: 40/39) were monophyletic grougdomphonemaliverges first and
Placonei$N. hambergiiand Cymbellawere sister groups, but this relationship had no BS.
Within the genusGomphonemgFig. 4c) G. micropusis clearly separated by the branch
length from the otheGomphonemapecies, which form a strong group (BS: 100/100). The
genusCymbella (Fig. 4d) was split into one group containi@y naviculiformisand C.
proxima (BS: 67/36) and another group consistingCofaspera, C. helmckaindC. affinis
(BS: 28/44).

The clade 6 in the ML tree (Fig. 3) was supported by maxirmnootstrap support (100/100).
Within this clade the monophyly @raticula was supported by 96% and 90% of NJ and MP
bootstrap replicates, respective§tauroneisand Navicula integracluster together, but this
clade had only weak BS (-/44) and the branching order in this group was not fully resolved.
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The maximum parsimony (MP) analysis based on the SSU rDdgiesices resulted in 58
most parsimonious trees. The majority-rule consensus tree of ttlkeeseis depicted in the

Figures 5 and 6.

The three araphid taxa appeared at the base as monophyletic Booigtrap values of 96

and 86 from NJ and MP bootstrap analysis support this.

Similar to the ML tree the genusunotiaformed a strongly supported monophyletic group
(BS: 100/97).Luticola goeppertianaand Neidum affinerepresented the sister group to
Eunotig although this relationship had nearly no BS (0/29).

The sister groupfNaviculasensu strictoand Hippodonta capitatadiverged next. The MP
analysis recovered the same three sub-clades iNdke&ula sensu strictoas did the ML
analysis. The branching order within tRaviculasensu strictdFig. 6a) is similar to the ML
tree (Fig. 4a). But the relationship Nf cryptotenellathe unidentifiedNaviculaspecies2 and

N. reinhardtiiwas not resolved.

Following the divergence diNaviculasensu strictathere was a polytomy of three clades.
Clade 1 was the monophyletimphora clade (BS: 48/48), in whictkA. normannii is
separated from the other fodmphoraspecies by maximum BS in the same branching order
as the ML analysis. The other two groups were more divers arefediffrom the ML

analysis.

Eolimng MayamaeaPinnularia/Caloneisand a clade containin§tauroneisCraticula and
Navicula integraform clade 2 in the basal polytomy (BS: 23/35). The monophyletic
Pinnulariag/lCaloneisclade BS (76/94) further diverges into two groups (Fig. 6b). OCoepgr
(BS: 0/45) containingC. lauta,P. acrosphaeria, C. amphisbaena, P. obscura, P. anglica, P.
mesolepta, P. subcapitatandP. microstauronThe second group (BS: 55/44) consiste@ of
budensis,P. rupestris, P. viridis, P cf. substreptorapheand P. viridiformis. Maximum
bootstrap values (100/100) support the polytom$taluroneisNavicula integraand the well
supported monophyletiCraticula clade (BS: 99/100). The main difference to the three clades
of the ML analysis is that the middle clade of the ML analysis is lost antsfitre base of the
two clades in the MP analysis.

In the remaining clade 3 (BS: 50/78pcconeisdiverged first Achnanthidium minutissimum
diverged next, followed byNavicula brockmanniiand Encyonema caespitosumA
monophyletic clade containing the tWaconeisspecies antllavicula hambergi(BS: 88/45)
is the sister group to a clade containagmphonemandCymbella(BS: 14/27). This clade
futher diverges into four branches, which &emicropus a clade (BS: 67/36) containing
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Fig. 5: Majority-rule consensus tree inferred with the pawsynanalysis using SSU rDNA
sequences from the AlgaTerra cultures. Bootstrap values obfaimed. 000 replications based on
NJ analyses using JC model and on parsimony analyses havelditéeh at the nodes. Condensed
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Fig. 6: Details of the parsimony tree analysis using SSUABBIQuences from the AlgaTerra cultures.
Bootstrap values obtained from 1000 replications based on NJ anajtsgsIC model and on parsimony
analyses have been plotted at the nodeddaiculasensu strictp(b) Pinnularia andCaloneis
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C. proximaand C. naviculiformis a clade (BS: 28/44) consisting of the remaining three
Cymbellaspecies and a strongly supported clade (BS: 100/100) containing thefiagher
Gomphonemapecies.

Most of the SSU rDNA sequences obtained from GenBank were similength compared
to those sequenced within the scope of this study. But there amlssquences missing up
to 226 nucleotides at the ends (see Table 9 in the appendix). In tdmslex alignment the
same highly variable region was excluded from the analysb&? Analysis using this dataset
could not be conducted because of the large number of taxa.

The base of the ML tree inferred from the expanded SSU rDNAselat&igs. 7-10) was
similar to the base of the ML tree based on SSU rDNA sequemeste AlgaTerra cultures
(Fig. 3). After a paraphyletic divergence of araphid taxa, the mgteighEunotiaclade (BS:
71) diverged.

The next branch was formed by a monophyletic clade of four monorgpéaies (BS: 50) at
its base, differenBacillariales and the naviculoi®tauroneis constrictalrhe position of this

naviculoid diatom within this clade is supported by maximum BS, but is likely amoraat.

The next branch (naviculoid pennates part 1; Figs. 7, 8) divergbe &ase into two sub-
clades. Clade 1 (Fig. 8) consists of the well supported monophgtetipsHaslea(BS: 92)
andPleurosigma(BS: 99) andGyrosigma limosumwhich is sister td°leurosigma Clade 2
includesHippodonta Naviculasensu strictandPseudogomphonen{8S: 100).Hippodonta
capitatawas found at the base of this clable disertadiverged next followed by a polytomy
of three clades. The first consistshfsclesviscensidN.cryptocephalaar. venetaN. veneta,
N. gregariaand twounidentifiedNavicula species (BS: 55N. radiosa, N. capitatoradiata,
N. cari, N. tripunctata N. ramosissimandN. lanceolataformed the second group, which
was supported by 99% of the bootstrap replicates. The third grou@QB8iverges into two
clades, which includ®seudogomphonenta one hand and. crytotenella, N. reinhardtii, N.

cryptocephala, N. phylleptand three unidentifieNaviculaspecies on the other hand.
Neidum affineandHaslea nipkowidiverge next, although this clade had no BS (Fig. 7).

Detail of the next large clade containing naviculoid pennates2partshown Fig. 9. Only
clades at the tip of the tree show strong bootstrap support. The pavipghnates part 2

diverge into two clades.
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66

. . s Navicula veneta (1276)
naviculoid pennates part 1 so_| | 100L AJ297724 Navicula cryptocephala var. veneta
L—— AY485483 Navicula sclesviscensis
I AY485488 Haslea nipkowii

Navicula radiosa (1278)

Neidum affine (1551) s7) Navicula capitatoradiata (1417)

Navicula cari (1310)
i Navicula tripunctata (1434) clade 2
naviculoid pennates part 2 s6] 100 | AY485512 Navicula ramosissima
AY485484 Navicula lanceolata
AJ535152 Pseudogomphonema sp.
AF525663 Pseudogomphonema sp.
AY485513 Navicula sp.
Navicula cryptocephala (1279)
Navicula sp.2 (1319)
Navicula cryptotenella (1416)
Navicula reinhardtii (1282)

naviculoid pennates part 3

100  AJ535150 Achnanthes bongranii

Ill'\"' L AJ535151 Achnanthes sp.

monoraphid

AY485456 Navicula phyllepta )
i Navicula sp.1 (1411)
100 AY485500 Achnanthidium cf. longipes ?r%a;ﬂrr?es)
AY485476 Achnanthes brevipes v —
— M87325 Bacillaria paxillifer 0.01
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Fig. 8: Naviculoid pennates part 1. Detail of the ML tree yamiglfrom SSU rDNA sequences from
AY4|85321 ﬁtaurolneis constricta Bacillarial GenBank and the AlgaTerra cultures. Bootstrap values obtdinen 1000 replications based on NJ
M87326 Cylindrotheca closterium aclllariales i
M87334 Nitzschia apiculata analyses using JC model have been plotted at the nodes.
—— AJ535164 Nitzschia frustulum

— AJ867279 Nitzschia sigma
31

Y10566 Peridinium balticum endosymbiont
75{[ AJ867278 Nitzschia communis

941 Y10567 Peridinium foliaceum endosymbiont |

——
0.05

Fig. 7: Phylogeny inferred with the ML analysis using SSU AD$¢quences from GenBank and the
AlgaTerra cultures. Bootstrap values obtained from 1000 rdiplsabased on NJ analyses (JC-
model) have been plotted at the nodes. Condensed regions are shown in detatiea Sgpees.
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a@ AJ866992 Achnanthes minutissima hi -b AJ544655 Sellaphora laevissima
Achnanthidium minutissimum (1438) g}gpoor:]asp id o » L Eolimna minima (1267, AJ243063)
AJ535189 Planothidium lanceolatum ;
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841_17|;Cocconeis: place_ntula (1418) :| Cocconeis 100 AJ867024 Navicula atomus var. permitis
Cocconeis pediculus (1415) _ j L _100[l Mayamaea atomus var. permitis (1275) Mayamaea
— Frustulia vulgaris (1445) Mayamaea atomus var. atomus (1274)
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AJ535147 Amphora cf. proteus > lade 1 199 Pinnularia obscura (1292) clade 1
Amphora pediculus (1265) Clade Pinnularia mesolepta (1314)
Amphora cf. fogediana (1427) Amphoragroup 1 100 Pinnularia anglica (1286)
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Fig. 9: Naviculoid pennates part 2. Detail of the ML tree aiglirom SSU rDNA sequences from ﬁ?g?ﬂ?ﬂ;;ﬂngg:;g(rlu;ﬁ?tns
GenBank and the AlgaTerra cultures. Bootstrap values obtainedL@éreplications based on NJ Pinnularia cf? substreptoraphe (1442)
analyses using JC model have been plotted at the nodes. 70 Pinnularia viridis (1428)

80L_ Pinnularia viridiformis (1291)

—
0.05

Fig. 10: Naviculoid pennates part 3. Detail of the ML trealgsis from SSU rDNA sequences from
GenBank and the AlgaTerra cultures. Bootstrap values obtdimen 1000 replications based on NJ
analyses using JC model have been plotted at the nodes.
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Clade 1 (Fig 9) consists dDiadesmis gallicaas sister tolLuticola goeppertianaand
Phaeodactylum tricormuturas sister to a strongly supported (BS: 100) monophyletic group

containing fiveAmphoraspecies.

Frustulia vulgarisdiverge at the base of the clade 2. The next two diverging<laehtained
monoraphid species. The first clade consis®lahothidium lanceolaturand a monophyletic
Cocconeis (BS: 84) and the other clade (BS: 50) contairfeauliella taeniata and
Achnanthidium minutissimunNavicula brockmanniji Dickieia ulvaceaand Anomoeoneis
sphaerophorawith its sister group.yrella diverging between the monoraphids and a clade
containing differentCymbellales but there is no BS for their positions. Within the
Cymbellales, PlaconeiandNavicula hambergidiverges first. Following this divergence is a
very rapid divergences ofsomphonema followed by Encyonemaand Cymbella A
monophyletic clade containing &lomphonemapecies has low bootstrap support (BS: 44).
G. micropus branch off at the base of this clade and was separated fronothke
Gomphonemapecies, which are well supported by maximum BS and by brangthlelrhe
genusEncyonemdorm a well supported monophyletic clade (BS: 99) but the monomiyly
Cymbellahas only low BS (28)Cymbellafurther diverges into sub-clades, one contair@ing
proxima and C. naviculiformisand another (BS: 28/44) consisting of the remaining four

Cymbellaspecies.
Navicoloid pennates part 3 is shown in detail in Fig. 10. It diverges into two major.clades

Clade 1 diverges into one branch containiRgssia Amphora coffeaeformisEolimna
minima and the threeSellaphora species and another branch, which includes the
monophyleticMayamaeeaclade and a monophyletic clade contairffignularia andCaloneis
species. Within this monophyly, C. lauta diverges first, followedabglade containingp.
acrosphaeria, P. microstauron, P. subcapitata, P. obscurafHnterrupta, P. anglica, P.
mesoleptaand one unidentifie®innularia species. Thek. budensisdiverged and a second
larger clade containing. rupestris, C. amphisbaena, P. viridis,d®. substreptoraphandP.

viridiformis.

Clade 2 also diverges into two clades. At the base of one cldmeh Wwad maximum BS,
Navicula saprophilaand N. pelliculosa diverges. The branching order of tiauroneis

species andNavicula integrawas not totally resolvedcolimna subminusculappeared as
sister toCraticula The second clade contains sevesalrirellales and two Amphiprora

species on one hand and a strongly supported (BSAtBphoragroup with onéAchnanthes
in between on the other hand. TAishnanthesequence is also likely a contaminant.
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The missing BS for several deeper branches within the cladégan9 and 10 were caused
by one clade in the NJ tree (clade LB in Fig. 59 in the appgrdixaining the five species
with the most nucleotide changes (visible as long branches in thdréé): Caloneis
amphisbaenaCampylodiscus ralfsiiLuticola goeppertianaNeidum affineand Pinnularia
acrosphaeria This might be an artefact of long-branch attraction. Theref@get bootstrap

results should be interpreted with caution.

3.1.2 LSU rRNA gene

The LSU rRNA sequences for all sequenced taxa were apmtetymb540 nucleotides in
length excluding amplification primers, except farticola goeppertianawhich was longer
(927 nucleotides) because of several large insertions. One higrdblearegion that contains
the largest insertion in the sequence frongoeppertianavas excluded from the analyses.
This region covered 262 nucleotides framgoeppertianaand approximately 85 nucleotides
from the other taxa. The final datset contained 715 positions, of \BbZlwere parsimony-

informative and 61 parsimony-uninformative characters.

The maximume-likelihood (ML) tree based on the sequences frorAltieTerra cultures is
shown in Fig. 11. The collapsed clades of this figure are shown in detail in Fig. 12.

The phylogeny in Fig. 11 diverges at the base into two largesle&Supported by bootstrap
values of 92 and 8&mphoraformed a monophyletic group at the base of clade 1. Within this
group A. normanniiwas separated from the othdmphoraspecies by maximum BS and
branch length (Fig. 12a). The gerfusnotiadiverges nextHippodonta capitatandNavicula
sensu strictpinterspersed witiNeidum affineandLuticola goeppertianavere pooled in the
next cladeH. capitatadiverged at the base of this clade. Within this group only the last nodes
were supported by the bootstrap analyses. The araphid diatoms dnextgéBS: 71/73).
Encyonema caespitosudiverges at the base of the next clade, which further divenges i
three monophyletic groups. The first group is formed by the gé&onsphonemdFig. 12b)

and diverge intds. micropuson one hand and all oth&@omphonemapecies on the other
hand (BS: 99/100). The second group contRilasoneisandNavicula hambergi(BS: 84/42)

and is the sister group to the gerbgmbella(BS: 31/19). This genus diverges into two
groups, but they were not supported by the bootstrap analyses (Fig. 12c).

The polytomy at the base of clade 2 diverges into three branchescddsists oEolimna
minimaonly. The second branch was formed Ripnularia and Caloneis(BS: 0/22). This
branch further diverges into two clades (Fig. 12d), which incl@ldsidensisP. rupestris

P. viridis, C. amphisbaena P. cf. substreptoraphe P. acrosphaeriaand P. viridiformis
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Fig. 11: Phylogeny inferred with the ML analysis using LSWINADsequences from the AlgaTerra
cultures. Bootstrap values obtained from 1000 replications based on NJ analysé€usodel and on
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parsimony analyses have been plotted at the nodes. Condensed regions are datainrn Fig. 12.
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Fig. 12: Details of the ML tree analysis based on LSU rDé¢fuences from the AlgaTerra cultures.

Bootstrap values obtained from 1000 replications based on NJ analsisgs JC model and on
parsimony analyses have been plotted at the nodeAn{ghora (b) Gomphonema(c) Cymbella (d)

PinnulariaandCaloneis
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on one hand and. lautg P. obscura P. anglica P. mesoleptaP. subcapitataand P.
microstauronon the other hand. The third group consist of several geMagamaea
diverges at the base. The next clade consisiéagicula hambergiand Cocconeisand then
Achnanthidium minutissimuiiverges. The monophyly @raticula was supported of 96%
of both bootstrap analyseStauroneisand Navicula integra(BS: 74/45) formed the sister
clade (BS: 95/94) tCraticula.

The maximum parsimony (MP) analysis based on the LSU rDNaA slquenced within the
scope of the study resulted in 98 most parsimonious trees. Thetyaajt& consensus tree of

these trees is depicted in Fig. 13; condensed clades are shown in detail in Fig. 14.

This consensus tree is poorly resolved with a large polytomy ababke. Clades of this
polytomy, which consist of a single genus, were forme&dymna minima, Mayamae@®sS:
99/96),Eunotia(BS: 81/61) Amphora(BS: 92/87) andCocconeigmaximum BS). In clade 1
bootstrap values of 95 and 94 support t8&duroneisand Navicula integra(BS: 74/45)
formed a sister group of the gen@aticula (BS: 96/96). Clade 2, which contains
Achnanthidium minutissimunmand Navicula brockmannji had no bootstrap support.
Pinnularia andCaloneisformed a monophyletic clade (BS: 0/22), which further diverges into
two groups (Fig. 14a). Each group consist of the same species abeatkdor the ML
phylogeny, but the branching order within the clades differs (Figsl and 14a). Also
Hippodonta capitataand Navicula sensu strictoform a monophyletic clade (clade 3, BS:
99/76). The branching order at the base of this clade is not regéiiged.4b) and only the
group containingN. tripunctata N. cari, N. capitatoradiataandN. radiosais supported by
high bootstrap values (100/99). Clade 4, which contdiesdum affineand Luticola
goeppertianawas supported only by 35% of the MP bootstrap replicates. Bootstitags of

71 and 73 support the clade containing the araphid diatoms. The most diadesé consists

of Encyonema caespitosymll species belonging ©©ymbella Gomphonemand Placoneis
andNavicula hambergiiFrom the polytomy at the base of this clade only two groups diverge.
One containsC. helmckeiand C. affinis (BS: 99/100), the other consists of the genus

Gomphonemawvhose monophyly is supported by bootstrap values os 49 and 44.

The LSU rDNA sequences obtained from GenBank were similagngth compared to the
sequences, which were sequenced within the scope of this studys éxténded alignment

the same highly variable region was excluded from the analybescalculation of some
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Fig. 13: Majority-rule consensus tree inferred with thesipaony analysis based on LSU rDNA
sequences from the AlgaTerra cultures. Bootstrap valuesnedtfrom 1000 replications based on NJ
analyses using JC model and on parsimony analyses have beengiltttedodes. Condensed regions
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Fig. 14: Details of the parsimony tree analysis based on IIINArsequences from the AlgaTerra
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replicates in the MP bootstrap analysis needed plenty of timeeféhe a time limit of 15
minutes was set for each replicate. As a result of thie timit 89 of 1000 replicates were

terminated. For these replicates it is not certain if the best tredetesed.

The tree resulted from the ML analysis based on the extendslubven in Fig. 15. The
collapsed clades are only shown in detail (Fig. 16) if they rdiftan the equivalent clades

shown in Figs. 11 and 12.

In the ML tree clade 1, which contains the monoraphids speld@gcula brockmannii
Craticula, Stauroneisand N. integra diverges first. The branching within this clade was
similar to the equivalent clade in Fig. 11. The additional spemgljella taeniata clusters

with Achnanthidium minutissimum

Mayamaeadiverges next, followed by a polytomy &blimna minima a clade containing
Pinnularia and Caloneis and clade 2. Although there were no additioRainularia or
Caloneisspecies in this dataset, the branching ordé&. giridis andP. rupestrishad changed

(Fig. 16a) compared to the equivalent clade shown in Fig. 12d.

Clade 2 diverges further into two sub-clades. At the base of clathe 2Enus\mphorawas
separated by th&ntomoneisspecies into two groups (Fig. 16b), which consistsAof
normanniiandA. coffeaeformi®n one hand (BS: 99/98) and the remairmgphoraspecies
on the other hand (BS: 100/10@haeodactylum tricornuturdiverges next (Fig. 16). Within
the Cymbellales EncyonemaBS: 99/92) diverges first. The next group contdiaconeis
andN. hambergii In this tree, the gene@omphonemandCymbellawere sister groups.

The genustEunotia (BS: 84/73) diverges at the base of clade 2b, followed by tgehiar
diatoms (BS: 69/77). Within these two clades there were no chaogepared to the tree in
Fig. 11. The next divergence is a polytomy, from whialticola goeppertianaa clade
containing theBacillariaceaeand a clade consisting éfippodonta capitataand Navicula

sensu strictanterspersed withNeidum affine

The majority-rule consensus tree (Fig. 17) from the extended aignbased on 242 most
parsimonious trees. The collapsed clades are only shown in &egail8) if they differ from

the equivalent clades shown in Figs. 13 and 14.
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Fig. 15: Phylogeny inferred with the ML analysis using LSU rDblguences from GenBank and
AlgaTerra cultures. Bootstrap values obtained from 1000 réiplicabased on NJ analyses using JC
model and on parsimony analyses have been plotted at the nodes. Conelginssdwhich differ to
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Fig. 16: Details of the ML tree analysis from LSU rDNAgsences from GenBank and AlgaTerra
cultures. Bootstrap values obtained from 1000 replications based andl/ses using JC model and on
parsimony analyses have been plotted at the nodd&in(a)laria andCaloneis (b) Amphora
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Fig. 17: Majority-rule consensus tree inferred with the parsimemslysis based on LSU rDNA
sequences from GenBank and AlgaTerra cultures. Bootstrap \a@teaed from 1000 replications

based on NJ analyses using JC model and on parsimony arfaysedeen plotted at the nodes.

Condensed clades, which differ to the equivalent clades in FigadiB4aare shown in detail in Fig.

18.
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Fig. 18: Details of the parsimony tree analysis based on LUArBequences from GenBank and
AlgaTerra cultures. Bootstrap values obtained from 1000 replisabased on NJ analyses using JC
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Eolimna minimaand Mayamaeawere found at the base of the consensus tree. At the next
lineage the tree diverges into two main clades. Both of thedescfarther diverge into two

sub-clades.

Navicula brockmannidiverges at the base of clade 1a. TEemotiadiverges (BS: 84/73).
The next branch consists of two monophyletic groups, the araphid diatoome drand (BS.:
69/77) and théacillariaceaeon the other (BS: 68/44Locconeiswvas the sister group (BS:
31/20) to a strongly supported clade (BS: 99/84) contaitiifgpodonta capitataand
Navicula sensu stricto(BS: 75/45).Navicula sensu strictodid not diverge into separate

groups (Fig. 18a).

The genusAmphoradiverges at the base of clade 1b. Within this genus two groups loeul
distinguished (Fig. 18b). One consistsfofnormanniiandA. coffeaeformigBS: 99/89) and

the other group contains the remainfgphoraspecies (BS: 100/100). After the divergence
of Phaeodactylum tricornutunthe clade diverges int@ésomphonemaand Placonei$N.
hambergiion one hand (BS: 49/20) aithcyonemandCymbellaon the other hand (no BS).
Placonei$N. hambergii were paraphyletic whereas the other three genera formed

monophyletic groups.

Clade 2 consists of the strongly supported clade 2a (BS: 98/91) cogt@iraticula (BS:
98/95) andStauroneifiN. integra (BS: 83/48) and a clade 2b containing a mixture of
monoraphid and raphid taxa. The branching order withinSta@ironeifN. integra is not
totally resolved. In clade 2b the monoraphRhuliella taeniata and Achnanthidium
minutissimundiverge first. The next clade contai@aloneis lautathe Entomoneisspecies,
Neidum affineand Luticola goeppertianaThis is followed by a clade dPinnularia and
Caloneisspecies. ThereforBinnularia and Caloneiswere not a monophyletic group in this
tree.

3.1.3rbcL gene

The rbcL gene sequences for most sequenced taxa are 684 nucleotides inelarhgting
amplification primers. 15 sequences missing between 3 and 51 nucleb&dasse of
sequencing problems in the regions close to the primer (Table 8dnkn of the sequences
were insertions or deletions. This permitted an unambiguous alignnenfinél dataset had
684 positions in total, of which 210 were parsimony-informative and 49inparg-

uninformative characters.
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Tab. 8: Number of unknown nucleotides in incompletely sequetokdsequences

unknown nucleotides close to
Species primer F3 primer R3

Achnanthidium minutissimum (1438) 3 27
Amphora sp. (1554) 3

Caloneis amphisbeana (1550) 9
Cocconeis pediculus (1415) 21 30
Craticula molestiformis (1284) 3

Cymbella helmckei (1431) 17
Eunotia sp. (1269) 6

Gomphonema affine (1439) 27
Gomphonema productum (1409) 24 18
Navicula cryptotenella (1416) 9 12
Navicula cryptotenella (1420) 6

Navicula radiosa (1433) 19

Pinnularia rupestris (1311) 39 7
Stauroneis kriegerii (1444) 15 21
Stauroneis phoenicenteron (1293) 24 21

The genustunotia (BS: 99/95) formed the base of the tree inferred with the MLyaisal
(Fig.19).

Clade 1 consists oNavicula sensu strictoand Hippodonta capitata(BS: 88/78). The
monophyly ofNaviculasensu strictovas supported by only 51% and 54% of the bootstrap
replicatesNaviculasensu strictavas subdivided in three groups (Fig. 20a). The first consists
of N. venetaN. gregariaand one unidentifietNaviculaspecies (BS: 29/0N. crytotenella,

N. reinhardtii, N. cryptocephaland the other unidentifietlavicula species formed the
second group which was supported by 86% and 80% of the bootstrap replitetehird
group contained\. radiosa, N. capitatoradiata, N. casndN. tripunctata(BS: 83/89).

The araphid diatoms formed a monophyletic clade (clade 2, BS: 85/61), which diverges nex

Clade 3 containsll Pinnularia and CaloneisspeciesEolimna minimaand Mayamaea but
this clade had nearly no bootstrap suppedlimnaandMayamaeaformed a monophyletic
sister group td’innularia andCaloneis C amphisbaenandC. budensisliverged at the base
of the clade formed biinnularia andCaloneis(Fig. 20b). The other species were subdivided
into two clades. One group containBd acrosphaeria, P. subcapitata, P. microstauron, P.
mesolepta, P. anglicandP. obscuraThe other group consists & lauta,P. rupestris, P.

viridis, P. cf. substreptoraphandP. viridiformis.

Navicula brockmannidiverges at the base of clade 4. At the next lineage thealiresges
into a sub-clade, which consistskricyonema caespitosusnd the monoraphid species and a

sub-clade containing the remaini@ymbellales The genusCymbelladid not form a
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Fig.19: Phylogeny inferred with the ML analysis usibgL sequences from the AlgaTerra cultures.
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parsimony analyses have been plotted at the nodes. Collapsed clathesvaragletail in Fig. 20.
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Fig. 20: Details of the ML tree analysis frammcL sequences from the AlgaTerra cultures. Bootstrap
J values obtained from 1000 replications based on NJ analyses usingd&Cand on parsimony analyses
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monophyletic groupC. helmckei, C. affinis, C. aspeaadC. naviculiformisformed a clade
(BS: 50/39), butC. proximaclusters withNavicula hambergiiand Placoneis(BS: 22/11).
Within the monophyletic clade formed by the ge@wmnphonem#&BS: 40/16), the branching

order calculated by the ML analyses had nearly no bootstrap support (Fig. 20c).

Four Amphoraspecies formed a strongly supported monophyletic clade (BS: 10@&t10%)
base of clade SAmphora normanniwas separated from the oth&mphoraspecies by a
branch consisting ofuticola goeppertianaand Neidum affine At the next divergence the
monophyleticStauroneisclade (BS: 73/14) was separated from a clade contaifriaticula

andNavicula integra(BS: 19/24) Craticula was paraphyletic.

The maximum parsimony (MP) analysis based onrliice sequences sequenced within the

scope of the study resulted in 2 most parsimonious trees.

The genu€unotia (BS: 99/95) diverges at the base of the majority-rule conseremi$Rig.

21). Then a large polytomy with 34 branches followed. 22 of these bmatedded to single
species. FouAmphora species formed a clade, which had maximum bootstrap support.
Within the genusGomphonemanly G. acuminatumand G. truncatumgrouped together
(maximum BS).Cymbella affinisandC. helmcke(BS: 98/88) formed a group as well @s
asperaandC. naviculiformis(BS: 92/75). ThePinnularia species formed two clades, which
consists ofP. acrosphaeriaP. obscura P. anglica P. mesoleptaP. subcapitataand P.
microstauronone hand (BS: 94/81) ar®l rupestris P. viridis, P. cf. substreptoraphandP.
viridiformis on the other hand (BS: 91/54). Other small clades consist€raticula
halophilioidesand C. molestiformis(BS: 65/59),Stauroneis ancepand St. phoenicenteron
(BS: 97/81) Mayamaea atomugar. atomusandM. atomus var. permitifmaximum BS), the
araphid species (BS: 85/61) aBdcconeis placentulandC. pediculugmaximum BS). The
largest clade contairldippodonta capitataeand Naviculasensu stricto The branching order
within Naviculasensu strictavas not totally resolved, but two groups could be distinguished.
One group containel. capitatoradiata, N. radiosa, N. caandN. tripunctata(BS: 83/89)
thither group consists ®. reinhardtii, N. cryptocephala, N. crytoteneflad an unidentified
Naviculaspecies (BS: 86/80).

TherbcL gene sequences obtained from GenBank were longer, than thosaecsfjwithin

the scope of this study. They were all cut to a length of 684 nucleotides.
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Placoneis elginensis (1312)
Placoneis sp. (1419)
Navicula hambergii (1436)
Cymbella proxima (1422)
Encyonema caespitosum (1441)
Navicula brockmannii (1425)
Eolimna minima (1267)
Caloneis amphisbaena (1550)
Amphora normannii (1263)
Caloneis lauta (1446)
Caloneis budensis (1323)
Luticola goeppertiana (1273)
Neidum affine (1551)
Stauroneis gracilior (1294)
Navicula integra (1430)
Achnanthidium minutissimum (1438)

100/100 [————Amphora sp. (1554)

Amphora libyca (1264)
-/‘K‘EAmphora pediculus (1265)
98/96 Amphora cf. fogediana (1427)

Gomphonema micropus (1270, 1271)
63/78 ~—Gomphonema productum (1313)
Gomphonema cf. parvulum (1409)
Gomphonema affine (1322, 1439)
1007100 —— Gomphonema acuminatum (1424)
Gomphonema truncatum (1552)
98/88 —— Cymbella helmckei (1431)
I—Cymbella affinis (1414, 1423)
9275~ Cymbella aspera (1421)

I—Cymbella naviculiformis (1317, 1324)

— Pinnularia acrosphaeria (1426)
94/81 70175 Pinnularia subcapitata (1285)
Pinnularia microstauron (1287, 1288, 1289, 1290)
Pinnularia obscura (1292)
37/?‘% Pinnularia anglica (1286)
90/61— pinnularia mesolepta (1314, 1429)
[ Pinnularia rupestris (1311)
92/54 _ }———— Pinnularia cf. substreptoraphe (1442)
| 96198 Pinnularia viridiformis (1291)
Pinnularia viridis (1428)
65/59 _~—— Craticula halophilioides (1283, 1308)
Craticula molestiformis (1284)
97/81 — Stauroneis anceps (1412)

L Stauroneis phoenicenteron (1293, 1437)
Stauroneis kriegerii (1309, 1444)
Craticula cuspidata (1318,1320)

100/100 ~—— Mayamaea atomus var. atomus (1274)
|—Mayamaea atomus var. permitis (1275)
g5/61 —— Asterionella formosa (1256)
|_': Fragilaria sp. (1410)
100/100 Fragilaria crotonensis (1254)
Hippodonta capitata (1272)
Navicula gregaria (1280)
Navicula sp.1 (1411)
Navicula veneta (1276, 1277, 1281)

94/92 Navicula capitatoradiata (1417)
83/89 Navicula radiosa (1278, 1433, 1440)
L Navicula cari (1310)
51/54 69/55 Navicula tripunctata (1434)

Navicula reinhardtii (1282)
Navicula cryptocephala (1279, 1316)

Navicula sp.2 (1319)
100700 L— Navicula cryptotenella (1416, 1420, 1435)
100/100__~—Cocconeis placentula (1418)
Cocconeis pediculus (1415)

88/78

86/80

Fig. 21: Majority-rule consensus tree inferred with the ipgsy analysis based orbcL
sequences from the AlgaTerra cultures. Bootstrap valuamet from 1000 replications based
on NJ analyses using JC model and on parsimony analyses have been plotteddsshe
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The phylogeny inferred with the ML analysis using the extdradignment is shown in figure
22. The genugtunotia which forms a well supported monophyletic group (BS: 99/96),
diverges at the base of this tree (Figs. 22 and 23a).

In this treeHippodonta capitataand Navicula sensu strictodid not form a monophyletic
group.H. capitataandN. salinicoladiverges first. Then clade 1 witseudogomphonentd.
kamschaticumand Seminaviscf. robustaat the base and a monophyly of the remaining
Naviculasensu strictspecies diverge. Within thisaviculasensu strictawo groups could be
distinguished.

The next two clades consist BetroneishumerosaandLyrella (clade 2, BS: 96/93) and the

monoraphid species (clade 3, BS: 0/46).

At the next lineage the tree diverges into two clades. At tlse loh clade 4Navicula
brockmanniidiverges. The next clade consists of the g&ébmmiphonem#BS: 40/16), which
further diverges into two groups (Fig. 23lgncyonemacf. sinicum and E. caespitosum
formed a monophyletic group which diverges next. The g&wmbellawas paraphyletic.
Navicula hambergiand Placoneisformed a monophyletic group (BS: 33/24) which cluster
with C. proxima(BS: 16/9).The remainingCymbellaspecies formed the sister group of this

clade.

The araphid diatoms diverged at the base of clade 5 (BS: 84/67imMaxbootstrap values
support the monophyly of foukmphoraspecies (group 1). After the divergencelLaticola
goeppertianaand Neidum affine(BS: 36/30) the tree diverges into two groupsaphora
normanniiwas at the base of the first groigiauroneisforms a monophyletic clade, which
separateCraticula halophilioidesand C. molestiformisfrom C. cuspidataand Navicula
integra In the second grouplayamaeaSellaphoraand Eolimna minimaformed the sister
group toPinnularia and Caloneis At the base of this cladé. budensigliverged first (Fig.
23c). After the divergence €. amphisbaendhe other species were subdivided into two

clades.

The majority-rule consensus tree (Fig. 24) from the extended aignbased on 105 most

parsimonious trees.
The genugunotia(BS: 99/95) diverges at the base of this tree.

Naviculasensu strictpHippodonta capitataSeminavi<f. robustaand Pseudogomphonema
cf. kamschaticunformed clade 1, which diverges next (BS: 66/4b)capitatg S.cf. robusta
andP. cf. kamschaticundiverge withinNaviculasensu stricto
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Cyclotella choctawatcheeana (1493)

— el Funotia
Hippodonta capitata (1272) (a) _ )
AY604699 Navicula salinicola 84/87 Eunotia formica (1268)
AY571748 Pseudogomphonema cf. kamschaticum 09/96 Eunotia sp. (1269)
B AY57175N%\%%H'|?2;'§ ?{A&?us’ta w0100 - Eunotia implicata (1321)
/ AY571749 Navicula cf. duerrenbergiana — AY571744 Eunotia minor
i Navicula tripunctata (1434)
” Navicula cari (1310) o001
11 Navicula capitatoradiata (1417) clade 1 '
Navicula radiosa (1278, 1433, 1440)
Navicula gregaria (1280) (b)
[sor 1| Navicula reinhardtii (1282) et Gomphonema cf. parvulum (1315)
o ~‘ 1001007— Navicula sp.2 (1319) i Gomphonema cf. angustatum (1409)
e "L Navicula cryptocephala (1279, 1316) e e (1520 2
] ' — = Gomphonema affine (1322, 1439
— Navicula veneta (1276, 1277, 1281) J P G h ( . ) 1270 1271
sones — AYS71747 Lyrella atlantica ‘Gomphonema micropus (1270, 1271)
96/93 —| [AY571755 Lyrella hennedyi Lyrella clade 2 ] 1001100 — GOmphonema acuminatum (1424)
o889 L AY571756 Lyrella sp. Gomphonema truncatum (1552)
— AY571757 Petroneis humerosa _ 99/92 AY571751 Gomphonema capitatum
s L0010 ey COCCONEIS }clade 3
|—Achnanthidium minutissimum (1438) —
— Navicula brockmannii (1425) A 0.005
Gomphonema
AY571754 Encyonema cf. sinicum (c) Caloneis amphisbaena (1550)
1| 2617 Encyonema caespitosum (1441) —— Pinnularia acrosphaeria (1426)
Cnd;?nel‘:leahgea:][Fi?\li(sel( 1(1;‘21)1423) 94/79 Pinnularia subcapitata (1285)
a1t e e (et > clade 4 Pinnularia microstauron (1287, 1288, 1289, 1290)
L Cymbella naviculiformis (1317, 1324) Pinnularia mesolepta (1314, 1429)
-/_ Cymbella proxima (1422) Pinnularia anglica (1286)

AY571753 Placoneis cf. paraelginensis 62/40 Pinnularia obscura (1292)

Navicula hambergii (1436) 24124 i
AY571752 Placoneis constans ) ) Caloneis lauta (1446)
Placoneis sp. (1419) Pinnularia rupestris (1311)

Placoneis elginensis (1312) Pinnularia viridis (1428)
araphid diatoms Pinnularia viridiformis (1291)

52/46 16/9
33/24

-128

S N

—1%° g Amphora (group 1) lml/ Pinnularia cf. substreptoraphe (1442)
Neidum affine (1551) Caloneis budensis (1323
m':xticola goeppertiana (1273) ( )
Navicula integra (1430) —
Craticula cuspidata (1318, 1320) 0.01
T <« Stauroneis

|

Craticula molestiformis (1284) Fig. 23: Details of the ML tree analysis frabtlL sequences from GenBank and the AlgaTerra cultures.

66158 Craticula halophilioides (1283, 1308) >clade5 Bootstrap values obtained from 1000 replications based on NJ analsises JC model and on
Amphora normannii (1263) parsimony analyses have been plotted at the nodes. (a) Eubpt@omphonema(c) Pinnularia and
Caloneis

Pinnularia/Caloneis

Mayamaea
2718 AY571746 Sellaphora pupula

63/52 AY571745 Sellaphora bacillum }
4 Eolimna minima (1267)

——
0.05

Fig. 22: Phylogeny inferred with the ML analysis usitigl sequences from GenBank and the
AlgaTerra cultures. Bootstrap values obtained from 1000 edjgits based on NJ analyses using JC
model and on parsimony analyses have been plotted at the nodapséwltlades, which differ to
the equivalent clades in Figs. 19 and 20, are shown in detail in Fig. 23.
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84/87

99/96 I_E

1007100 4—
e

27/18

100/100—oq

68/77
i

87/93

98/97 e
—
36/30 e

66/58
—

74183 g
—

96/93 |

100/100
9

8/89

26/

100/100

66/45

53/47

100/100

-160
94/90

Fig. 24: Majority-rule consensus tree inferred with the parsinaaysis based arbcL sequences
from GenBank and the AlgaTerra cultures. Bootstrap valuesnebtdiom 1000 replications based
on NJ analyses using JC model and on parsimony analyses hayaditshat the nodes. Collapsed

\ /46 _r—— Achnanthidium minutissimum (1438)

« araphid diatoms

Cyclotella choctawatcheeana (1493)
Eunotia formica (1268)
Eunotia sp. (1269)
Eunotia implicata (1321)
AY571744 Eunotia minor
Navicula brockmannii (1425) \

Eunotia

Caloneis amphisbaena (1550)
Amphora normannii (1263)
Pinnularia rupestris (1311)
Pinnularia cf. substreptoraphe (1442)
Caloneis lauta (1446)

Caloneis budensis (1323)

Stauroneis kriegerii (1309, 1444)
Stauroneis gracilior (1294)

Craticula cuspidata (1318, 1320)
Navicula integra (1430)

Amphora libyca (1264)

Amphora sp. (1554)

Amphora pediculus (1265)

Amphora cf. fogediana (1427)
Eolimna minima (1267)

AY571746 Sellaphora pupula
AY571745 Sellaphora bacillum
Mayamaea clade 3
Pinnularia acrosphaeria (1426)

Pinnularia microstauron (1287, 1288, 1289, 1290)
Pinnularia subcapitata (1285)

Pinnularia mesolepta (1314, 1429)

Pinnularia anglica (1286)

Pinnularia obscura (1292)

Pinnularia viridiformis (1291)

Pinnularia viridis (1428)

Luticola goeppertiana (1273)

Neidum affine (1551)

Craticula halophilioides (1283, 1308)

Craticula molestiformis (1284)

Stauroneis phoenicenteron (1293, 1437)
Stauroneis anceps (1412)

AY571757 Petroneis humerosa

AY571747 Lyrella atlantica

AY571756 Lyrella sp. Lyrella
AY571755 Lyrella hennedyi

Gomphonema

Cymbella proxima (1422)

AY571753 Placoneis cf. paraelginensis
Placoneis elginensis (1312)

Navicula hambergii (1436)

AY571752 Placoneis constans

Cymbella naviculiformis (1317, 1324)

Cymbella aspera (1421) >clade 2
Cymbella affinis (1414, 1423)
Cymbella helmckei (1431)
Placoneis sp. (1419)

Encyonema chaespitosa (1441)
AY571754 Encyonema cf. sinicum

S S—

:I Encyonema

Cocconeis J

AY604699 Navicula salinicola \
Hippodonta capitata (1272)

Navicula sp.1 (1411)

Navicula veneta (1276, 1277, 1281)

AY571750 Seminavis cf. robusta

Navicula reinhardtii (1282)

Navicula cryptocephala (1279, 1316)

AY571748 Pseudogomphonema cf. kamschaticum >clade 1
Navicula cryptotenella (1416, 1420, 1435)

Navicula sp.2 (1319)

Navicula gregaria (1280)

AY571749 Navicula cf. duerrenbergiana

Navicula tripunctata (1434)

Navicula cari (1310)

Navicula radiosa (1278, 1433, 1440)

Navicula capitatoradiata (1417) )

clades, which differ to the equivalent clades in Fig. 21, are shown in ide&ag. 25.

Gomphonema cf. parvulum (1315)

44121 50— Gomphonema cf. angustatum (1409)

L Gomphonema productum (1313)
Gomphonema affine (1322, 1439)
Gomphonema micropus (1270, 1271)
Gomphonema acuminatum (1424)

Gomphonema truncatum (1552)
100/100
W: AY571751 Gomphonema capitatum

Fig. 25:Gomphonemalade of the parsimony tree analysis basetboh sequences from GenBank and
the AlgaTerra cultures. Bootstrap values obtained from 100iza&phs based on NJ analyses using JC

model and on parsimony analyses have been plotted at the nodes.
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The next clade consists of araphid diatoms (BS: 84/67).

At the base of clade 2 the monoraphid diatoms diverge (BS: 0/46¥-din@honemapecies
formed a monophyletic clade (Fig. 25), but it had only weak@®nbellaandPlaconeigN.

hambergii did not form monophyletic clades, because the unidentRleadtoneisspecies
clusters withEncyonemaandC. proximaclusters with remaininglaconeisspecies. But none

of these clades had bootstrap support.

Navicula brockmannidiverged at the base of clade 3. The other species were poded in
large polytomy. FourAmphoraspecies formed a branch, which had maximum bootstrap
support. Another branch containEdlimna minimaSellaphoraandMayamaeaBS: 27/18).
Two strongly supported clades consist Binnularia species. P. acrosphaeria, P.
microstauron P. subcapitataP. mesoleptaP. anglicaandP. obscuraone hand (BS: 94/97)
and P. cf. substreptoraphend P. viridiformis on the other hand (BS: 98/97). Other small
clades consists ol uticola goeppertianaand Neidum affine (BS: 36/30), Craticula
halophilioidesand C. molestiformis(BS: 66/58),Stauroneis ancepand St. phoenicenteron
(BS: 74/83) andPetroneishumerosaandLyrella (BS: 96/93).

3.1.4 Gene combination

The combination of the three alignments, which consists of datarsmglithin the scope
of this study, resulted in an alignment having 3226 positions in totaloB¢hese positions

were parsimony-informative and 297 parsimony-uninformative characters.

Results from 100 partition homogeneity test replicates indicasd3SU rDNA, LSU rDNA

andrbcL gene data were significantly heterogeneous (p=0,01).

The ML phylogeny based on this alignment is shown in Fig. 26. Thepseliaclades of this

figure are shown in detail in Fig. 27.

The strongly supported (BS: 100/100) monophyletic cladeumiotiadiverged at the base of

this tree.

Clade 1, which includeBlippodonta capitataand theNaviculasensu strictphad maximum
bootstrap support. Bootstrap values of 100 and 99 from NJ and MP bootstragisesigbport
the monophyly oNaviculasensu strictoThe Naviculasensu strictavas subdivided in three
groups (Fig. 27a). The first consists Bf venetaand N. gregaria (BS: 100/91).N.

crytotenella, N. reinhardtii, N. cryptocephatand the two unknownaviculaspecies formed

the second group which was supported by 88% and 84% of the bootstrap
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Cyclotella choctawatcheeana (1493)

9099 — EUNOtia sp. (1269)
100’1£|E Eunotia formica (1268) Eunotia
Eunotia implicata (1321)

100/99

Navicula s. str.

100/100

Hippodonta capitata (1272)

mo,loo( Fragilaria sp. (1410)

99/99 Fragilaria crotonensis (1254) :|araphid diatoms

L Asterionella formosa (1256)

100/100 |:4 Cymbella affinis (1414, 1423)
45078 Cymbella helmckei (1431)
Cymbella proxima (1422)
Cymbella aspera (1421)
Cymbella naviculiformis (1317, 1324)
Placoneis sp. (1419)

Navicula hambergii (1436)
Placoneis elginensis (1312)

Gomphonema

Encyonema caespitosum (1441)

Navicula brockmannii (1425)

—— Achnanthidium minutissimum (1438)
by Cocconeis pediculus (1415 . .

38146 d e Cocconeis pﬁacentula ((1418)) :| Cocconeis|diatoms

99/97 Luticola goeppertiana (1273)

1 Neidum affine (1551)

Stauroneis phoenicenteron (1293, 1437)

Stauroneis anceps (1412)

Stauroneis gracilior (1294)

Stauroneis kriegerii (1309, 1444)
Navicula integra (1430)

Craticula halophilioides (1283, 1308)

Craticula molestiformis (1284)

Craticula cuspidata (1318, 1320)

Mayamaea atomus var. atomus (1274)

Mayamaea atomus var. permitis (1275)

Cymbella

100/78

54/47

ey
a
N
~

100/100

97/95

2

Craticula

100/100

:| Mayamaea

51/84

£

Pinnularia/Caloneis

58/30

Eolimna minima (1267)
Amphora sp. (1554)
Amphora libyca (1264)
Amphora pediculus (1265)
Amphora cf. fogediana (1427)
Amphora normannii (1263)

Amphora

83/91 |

——
0.05

monoraphid

)
\

clade 1

>clade 2

clade 3

Fig. 26: Phylogeny inferred with the ML analysis using the contbishetaset of SSU rDNA, LSU
rDNA and rbcL sequences from the AlgaTerra cultures. Bootstrap valuesnedtdrom 1000

replications based on NJ analyses using JC model and on parsimbysesiteave been plotted at the

nodes. Condensed clades are shown in detail in Fig. 27.
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Navicula gregaria (1280)
Navicula veneta (1281)
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100/100

73/63 |

Navicula veneta (1277)

Navicula veneta (1276)

100/100 |:4 Navicula cryptotenella (1416, 1420, 1435)
Navicula sp.2 (1319)

L (Navicula cryptocephala (1279, 1316)

Navicula reinhardtii (1282)

Navicula sp.1 (1411)

osi06 1 Navicula radiosa (1278, 1433, 1440)

Navicula capitatoradiata (1417)

Navicula cari (1310)

Navicula tripunctata (1434)
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96/98

88/84

100/100
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Hippodonta capitata (1272)

0.01

Gomphonema affine (1322, 1439)
Gomphonema cf. parvulum (1315)
Gomphonema cf. angustatum (1409)

100/100
100/100

70/43 | 91786

83/87

Gomphonema productum (1313)

100/100 |__ Gomphonema acuminatum (1424)
Gomphonema truncatum (1552)

(€)

100/100

98/99

100/100

1 Gomphonema micropus (1270, 1271)

—
0.01

Pinnularia microstauron (1287, 1288, 1289, 1290)
Pinnularia subcapitata (1285)

Pinnularia mesolepta (1314, 1429)

Pinnularia anglica (1286)

Pinnularia obscura (1292)

Pinnularia acrosphaeria (1426)
Caloneis budensis (1323)

Pinnularia rupestris (1311)

Pinnularia cf. substreptoraphe (1442)
Pinnularia viridiformis (1291)

Pinnularia viridis (1428)

Caloneis amphisbaena (1550)
Caloneis lauta (1446)

—
0.02

Fig. 27: Details of the ML tree analysis from the combinadsi of SSU rDNA, LSU rDNA anbcL
sequences from the AlgaTerra cultures. Bootstrap valuesettiom 1000 replications based on NJ
analyses using JC model and on parsimony analyses have been ploteedadtes. (alNaviculasensu
stricto, (b) Gomphonemg(c) Pinnularia andCaloneis
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replicates. The third group contain®d radiosa, N. capitatoradiata, N. caand the type

specieN. tripunctataand had maximum bootstrap support.

Although the araphid diatoms were assigned as outgroup they divexgelhey formed a
strongly supported monophyletic group (BS: 99/99).

The remaining taxa diverge into two major clades. At the bastade 2 the monoraphid
genera formed a monophyletic group (BS: 38/46). Thdawicula brockmanniiand
Encyonema caespitosudiverged. The next clade contain€dmphonemapecies. Within

this monophyletic group (BS: 83/8@. micropusdiverged first and was separated from the
other Gomphonemaspecies (Fig. 27b) by branch length and maximum BS. The next
divergence separat®taconeigNavicula hambergi(BS: 100/78) fronCymbella(BS: 99/75).

At the base of clade 3 in the ML treaticola goeppertianandNeidum affindform a clade,
which was supported by bootstrap values of 99 and 97.

Within the next sub-clade (BS: 83/9Amphora normanniwas separated from the other

Amphoraspecies by branch length and maximum bootstrap support from both analyses.

Eolimna minimais at the base of the next sub-clade, which includagamaeaand a
monophyletic group containinBinnularia and Caloneis Within this well supported group
(BS: 98/99)Caloneis lautadiverged first (Fig. 27c). The other species were subdivided into
two clades. One clade consistsfbudensisP. rupestris, P. viridis, Pcf. substreptoraphe,

P. viridiformis and C. amphisbaenathe other containedP. acrosphaeria, P. obscura, P.
anglica, P. mesolepta, P. subcapitaiad P. microstauron

At the next divergence, the monophyletic clade containing the @na&ticula species (BS:
100/100) and a clade containitdavicula integraand fourStauroneisspecies (BS: 76/66)
were separated.

The maximum parsimony (MP) analysis based on the combined efatessited in 6 most
parsimonious trees. The majority-rule consensus tree of theseidreBown in Figs 28 and
29.

Neidum affineandLuticola goeppertiandormed a well supported clade (BS: 99/97), which

diverged from the polytomy at the base of the tree.

The Eunotia species formed monophyletic group with maximum bootstrap support and a
bootstrap value of 99 from both bootstrap analyses support the monophyly afagied
diatoms. They diverge next, but the phylogenetic relationship betlvesa two groups is not

resolved.



54

Cyclotella choctawatcheeana (1493)
o007~ Neidum affine (1551)
L Luticola goeppertiana (1273)

9999  Eunotia sp. (1269)
—mo’wor_t Eunotia formica (1268) Eunotia

Eunotia implicata (1321)
99/99 Asterionella formosa (1256)
| E Fragilaria crotonensis (1254) |araphid diatoms
1001100 Fragilaria sp. (1410)
Hippodonta capitata (1272)

wo0100— Cocconeis placentula (1418) . .

38/46 E Cocconeis pediculus (1415) :| Cocconeis (Tigpoonr%phld\
Achnanthidium minutissimum (1438)

Gomphonema affine (1322, 1439)
Gomphonema cf. parvulum (1315)
Gomphonema cf. angustatum (1409)
Gomphonema productum (1313)
Gomphonema truncatum (1552)
Gomphonema acuminatum (1424)
Gomphonema micropus (1270, 1271)
Cymbella affinis (1414, 1423)
Cymbella helmckei (1431)
Cymbella proxima (1422) Cymbella
Cymbella aspera (1421)
Cymbella naviculiformis (1317, 1324)
Placoneis sp. (1419)
Navicula hambergii (1436)
Placoneis elginensis (1312)
45077 — L Encyonema caespitosum (1441)
Navicula brockmannii (1425) /
Mayamaea atomus var. atomus (1274)
Mayamaea atomus var. permitis (1275)
Eolimna minima (1267)
Pinnularia/Caloneis
Stauroneis phoenicenteron (1293, 1437)
Stauroneis anceps (1412)
Stauroneis gracilior (1294)

-134]
91/86 o

100/100
Gomphonema

54/47

y /

S
N

80/58

99/75

100/95

52/30

L

:| Mayamaea \

Stauroneis

w00 %%« Navicula s. str. }clade1

>clade 2

>clade 3

serm0 | O/ Stauroneis kriegerii (1309, 1444)
Navicula integra (1430)
Craticula molestiformis (1284)
Craticula halophilioides (1283, 1308) J Craticula
Craticula cuspidata (1318, 1320)
48139 | 10008~ AMphora sp. (1554)
100100] — Amphora libyca (1264)
~ Amphora pediculus (1265) Amphora
83/91 Amphora cf. fogediana (1427)
L Amphora normannii (1263) j

Fig. 28: Majority-rule consensus tree inferred with the parsimemmglysis based on a combined
dataset of SSU rDNA, LSU rDNA anficL sequences from the AlgaTerra cultures. Bootstrap values
obtained from 1000 replications based on NJ analyses using JC modah gadsimony analyses

have been plotted at the nodes. Condensed regions are shown in detail in Fig. 29.
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Fig. 29: Details of the parsimony tree analysis based ambioed dataset of SSU rDNA, LSU rDNA

100199 Pinnularia viridiformis (1291)

andrbcL sequences from the AlgaTerra cultures. Bootstrap valoisgned from 1000 replications based

on NJ analyses using JC model and on parsimony analyses havediwshatithe nodes. (Mavicula

sensu strictp(b) Pinnularia andCaloneis
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Naviculasensu strictandHippodonta capitatavere sister groups (BS: 100/100) and formed
the basal clade 1 of the raphid diatoms. Bootstrap values of 100 andpp8rtsthe
monophyly ofNaviculasensu stricto The Naviculasensu strictaclade further diverges into
three groups Fig. 294). venetaandN. gregariaformed the first group, which was supported
by 100% and 91% of the bootstrap replicates. The second group consistedryibtenella,

N. reinhardtii, N. cryptocephaland the two unidentifiedlaviculaspecies (BS: 88/84). The
third group contained\. radiosa, N. capitatoradiata, N. camnd N. tripunctata The
phylogenetic relationship within these groups is not totally resolved.

The other raphid diatoms diverge into two large clades, which wg@oged by bootstrap

values between 30 and 58.

Clade 2 consists of the monoraphid diatoMayicula brockmanniand severaCymbellales
A monophyletic clade containing the monoraphid diatoms (BS: 38/46¢ isasal branciN.
brockmanniidiverges next. Within th€ymbellales(BS: 100/95)Encyonema caespitosum
diverges first. The next clade was formed@ymphonemapecies. Within this monophyletic
group (BS: 83/87%. micropusdiverges first. Its sister clade consists@ymbella, Placoneis
and Navicula hambergi(BS: 52/30). The monophyly &@ymbellais supported by relativly
high bootstrap values (BS: 99/75). Thdaconeis species andN. hambergii form a
monophyletic group supported by bootstrap values of 100/78.

The basal divergence of clade 3 consist&olimna, Mayamaea, Pinnulariand Caloneis
and supported by bootstrap values of 51 andP&hularia andCaloneisformed a strongly
supported monophyletic group (BS: 98/99), which further diverges into twosolaae 29b).
C. budensisP. rupestris, P. viridis, Pcf. substreptorapheand P. viridiformis formed on
clade, the other containédl lauta, P. acrosphaeria, C. amphisbaena, P. obscura, P. anglica,
P. mesolepta, P. subcapitatand P. microstauron The genusAmphoradiverges next (BS:
83/91). Maximum bootstrap values support the monophy{yraficula, which diverges next.

The sister group dEraticula consists ofNavicula integraat the base ddtauroneis.

3.2 Morphological support for molecular data

3.2.1Navicula sensu stricto

With the exception of the tree in Fig. 22, tdaviculasensu strictspecies were pooled in a
monophyletic clade witlippodonta capitatadiverging at the base. In one tree (Fig. 8) two

Pseudogomphonenspecies appeared within this clade, in other tigislum affine(Figs.
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11, 15) andLuticola goeppertiangFig. 15) diverged withifNavicula sensu strictoIn all
treesN. radiosa N. capitatoradiata N. cari andN. tripunctataform a monophyletic group
(group 1), to whichN. lanceolataandN. ramosissimavere additionally added in Fig. 8 and
N. cf. erifuga in Figs. 15 and 18. The other species were paraphyletic (Fig. 24gnar
subdivided in two groups. With the exception of one unidentified spetiese tgroups
consists always dfl. venetaandN. gregariaon one hand (group 2) and the remaining species

on the other hand (group 3).

The morphological investigations concentrated on the three groupsoBeatures could be
found that were typical for one group and absent in the other grollpspekies show the
typical features foNaviculasensu strictpsuch as two plate-like plastids (Figs. 30 a + e, 31 a
+ d and 33 a, c, e, g) or apically elongated liner poroids (Figs. 30g;,d,32 and 34).
Differences in the outline of the valves were greater withingttoeips than between them
(Figs. 30 - 34)

3.2.2Amphora

The four specied\. libycg A. pediculus A. cf. fogedianaand the unidentifiedAmphora
species (1554) formed a monophyletic clade, which had maximum Blbtrees. In the tree
in Fig. 9, the SSU rDNA sequenceAfcf. proteus(obtained from GenBank) diverged at the
base of this group (BS: 100). The fifth species isolated within ¢bpesof this studyA.
normanni) also diverged at the base of this group in some trees (Figs.12, 13, 26 and
27), but in the ML trees (Figs. 3, 12 and 26) the branch length indiaadegaration. In all
phylogenies based amcL sequences (Figs. 19, 21, 22 and Zl)nhormanniiis separated
from the other four species. In Fig. 1A. normannii formed a strongly supported
monophyletic clade withA. montana A. cf. capitellata and an unidentified species.
coffeaeformigs separated from this group in Fig. 10, but formed a well suppdedd with

A. normanniiin Fig. 16.

All species show the typical asymmetrical valve morpholdggs. 35 - 37). In an intact
frustule both raphe systems lie on the same side (Figs. 35 ¢d36 87 b, d, h). Therefore
live individuals normally lie on the ventral side (Figs. 35 a; 36Fa)m the five species
cultured within the scope of this study, oMy normanniihas numerous girdle bands (Figs.
35¢c;36¢c,d f, 37 b, d, f, h). The girdle of the other four species m@vmore than two
girdle bands (valvocopula, Fig. 37 b, d, f, h) From the species, ohvg@quences were
obtained from GenBanld. coffeaeformisA. montanaandA. cf. capitellatahave numerous

girdle bands (Frenguelli, 1938, Krammer & Lange-Bertalot, 1986).
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Fig. 30: a - dNavicula gregariae - h:Navicula veneta

a + e: Light micrograph of live individual. b + f: Light migraph of cleaned valve.

c + g: SEM, internal view of a valve. d + h: SEM, external view of aevalv
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Fig. 31:Naviculaspecies

a + b:N. cari, light micrograph of live individual (a) and cleaned valve (b);

c: N. tripunctatalight micrograph of a cleaned valve;

d + e:N.radiosa,light micrograph of live individual (d) and a cleaned valve (e).
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Fig. 32:Naviculaspecies, SEM of valve exteriors (a, ¢, e, g) and interiors b, d,
h), some with enlarged midvalve or apice details.

a + b:N. tripunctata ¢ + d:N. cari, e + f:N. capitatoradiatag + h:N.radiosa
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Fig. 33:Naviculaspecies, light micrographs of live individuals (a, c, e, g) aadned
valves (b, d, f, h, i)

a + b:N. reinhardtii,c + d:N. cryptotenellag + f: N. cryptocephalag + h: Navicula
sp.2 (1319)i: Naviculasp.l (1411).
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Fig. 34:Naviculaspecies (group 3), SEM of valve exteriors (a, c, e, g, i) and interiors (b, d,
f, h, k), some with enlarged midvalve or apice details.

a + b:N. cryptotenellac + d:N. reinhardtii e + f:N. cryptocephalag + h:Naviculasp.2
(1319),i + k: Naviculasp.1 (1411).
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Fig. 35:Amphora normannii

a: Light micrograph of live individual. b, c: Light micrographsctgfaned valve in valve view (b) and
ventral view (c). d: SEM, internal view. e: SEM, external view. f: SEkdllg band
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Fig. 36: Light micrographs cimphoraspecies.

a - c:A. libyca live individual (a) and cleaned valves in valve view (b) and verigal {C).

d + e:A. cf. fogedianacleaned valves in valve view (d) and ventral view (e).
f + g: A. pediculus cleaned valves in valve view (f) and ventral view (g).
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Fig 37: SEM micrographs #&mphoraspecies.

a - c:A. libyca,frustule exteriors (a: valve view, b: ventral side) and valeTiit (c).
d - f: A. pediculus frustule exteriors (d: ventral side, f: dorsal side) and integjor (
g + h:Acf.fogedianafrustule exteriors (g top: valve view, h: ventral side) and valve imtégibelow).
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3.2.3Pinnularia and Caloneis

The position of the thre€aloneisspecies and oP. acrosphaeriadiffers in the different
phylogenies. But in all tree®. obscura, P. anglica, P. mesolepta, P. subcapitatd P.
microstauronwere members of one clade (group 1), wheRarupestris, P. viridis, Pcf.
substreptorapheand P. viridiformis formed a second clade (group 2). Within grou®.l1
obscura, P. anglicand P. mesoleptdormed a well supported clade in all trees (BS: 87 —
100).

The morphological investigations of the tWonularia groups showed clear differences.

The species in group 1 have a filiform or slightly lateaghre system, but even if the external
raphe slit is slightly undulate it never crosses the intetitglFsg. 38 b, d, f, h, i and I). All
species have a large central area, which is often a fascia extended togineomane or both
sides (Figs. 38 b, d, f, h, i and | and 39). Midvalve, the striasadral or parallel and become
convergent or parallel at the apices (Figs. 38 b, d, f, h, i and B9)P. subcapitataand P.
microstauronhave two plate-like chloroplasts (Fig. 38 g, k). Butobscura, P. anglicand

P. mesoleptdave a single H-shaped plastid arranged as two large platgs each side of
the girdle and a very fine bridge under one valve face (Fig. 38 a, c, e).

All species in group 2 have a lateral raphe system (Fig. 40 b,gil, in some species the
undulate external raphe fissure crosses over the internal fiakurg the raphe (complex
raphe, Fig. 40 f, g). The linear or linear-lanceolate axial pess into a slightly expanded
central area, which is often asymmetric (Fig. 40 b, d, f, g¢. Sthae are radial or parallel at
the centre of the valve and convergent or parallel at the apicesi(Fb, d, f, g). Under the

light microscope the striae were crossed by a lateral(fiige 40 b, d, f, g). As it can be seen
in the SEM pictures (Fig. 41), partially closed alveolaecanasal for this line. All species

have two plate-like chloroplasts (Fig. 40 a, c, e)

The lateral raphe system Bf acrosphaeridies in a wide, linear axial area (Fig. 42 b). The
central area is only slightly wider (Figs. 42 b and 43 a). Tkeuree of these areas is very
special (Figs. 42 b and 43 a ). Midvalve the striae are radiglamallel and become
convergent or parallel at the apices (Fig. 42 b and 43 a) aralvdae are partially closed

(Fig. 43 b). As shown in Fig. 42 a , this species has two lobed chloroplasts.

The raphe ofC. lautais curved, but not lateral (Fig. 42 d). The axial area isivelgtnarrow
and the central area form a wide fascia (Figs. 42 d and 4Bie)striae are parallel or slightly
radial (Figs. 42 d and 43 c). On the external valve face a raised line cressa¢Fig. 43 c),
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Fig. 38:Pinnularia species (group 1), light micrographs of live individuals (a, g, &) and cleaned

valves (b, d, f, h, i, I)
a + b:P. obscurac + d:P., anglicae + f: P., mesoleptg - i: P. microstauronk + I: P. subcapitata
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Fig. 39:Pinnularia species (group 1), SEM of valve exteriors (a, ¢, €, g, i) and interiors (b, d).f, h, k
a + b:P. obscurac + d:P.anglicg e + f:P. mesoleptag + h:P. microstauroni + k: P. subcapitata
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Fig. 40:Pinnularia species (group 2), light micrographs of live individuals (a, enel) cleaned valves
(b, d,f, 9)
a + b:P. rupestrisc + d:P. viridiformis,e + f: P. viridis, g: P. cf. substreptoraphe
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Fig. 41:Pinnularia species (group 2), SEM of valve exteriors (a, ¢, e, g) and interiors (b, d, f, h).
a + b:P. rupestrisc + d:P. viridiformis,e + f: P. viridis, g + h:P. cf. substreptoraphe
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Fig. 42:Pinnularia and Caloneispecies, light micrographs of live individuals (a, ¢, e, g) dedned
valves (b, d, f, h)

a + b:P. acrosphaeria¢ + d:C. lauta,e + f: C. amphisbaenay + h:C. budensis
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Fig. 43:Pinnularia and Caloneispecies, SEM of valve exteriors (a, ¢, e, g) and interiors (b, d, f, h).
a + b:P. acrosphaeria¢ + d:C. lauta,e + f: C. amphisbaenay + h:C. budensis
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internally the alveolae are partially closed (Fig. 43 d). ™8pecies has two plate-like

chloroplast, too (Fig. 42 c).

C. amphisbaen&as a slightly lateral raphe system and a narrow and limedraaea close to
the apices, which passes into a large rhombic-lanceolate camesalFig. 42 f). The striae are
radial at the centre of the valve and become convergent or parallel at the(Bigsed2 f and
43 e + f), crossed by a lateral line (Figs. 42 f and 43 e )alMe®lae are partially closed (Fig.
43 f). Two lobed, plate-like chloroplast can be observed in live individuals (Fig. 42 e)

C. budensisas a lateral raphe system and the axial area is latelg@apanded towards the
wide fascia midvalve (Fig. 42 h). The striae are paralldlightly radial at the centre of the
valve and convergent at the apices (Figs. 42 h and 43 g + h). Eherpased by a lateral line
(Fig. 42 h), because the alveolae are partially closed (Fich)43wo lobed, plate-like
chloroplast can be observed in live individuals (Fig. 42 g ).

3.2.4Stauronels, Craticula and Navicula integra

With the exception of the trees based onrhe sequencesStauroneis Craticula and N.
integra formed a strongly supported monophyletic clade (BS: 91 — 100). In thérédk
based on thebcL sequences, the monophyletic clades of this group had poor BS 1Bigs.
22) and in the MP phylogenies based on this gene, this group wasdmeiaylarge polytomy
(Figs. 21, 24). Within the monophyletic clade&Staticula and Stauroneiswere clearly
separated. The only exception was the tree in Fig. 22, where a nyteimplclade of
Stauroneisdivided theCraticula species into two groups. In most trels,integraclusters
with Stauroneis Only in the ML phylogenies based on theL sequences dods. integra

cluster withCraticula.

Also the morphological investigation showed several similarithds species within this
group has two plate-like chloroplasts, lying one against eactosite girdle (Fig. 44 a, d,
g). All frustules were isopolar and tend to lie in valve view, bgeathey are wider
transapically than pervalvarly (Fig. 44). The external centigtheé endings are expanded and
the well developed terminal fissures at the poles curve off tedire side of the valve (Fig.
44 b, c, e, f, h, i). The internal central raphe endings are semglstraight or slightly curved
Fig. 45 a, c, e). The girdle composed of several open, porous bands wah tarterows of
small round poroids (Fig. 45 b, d, f). The uniseriate striae consistalf soand or elliptical
poroids which were occluded by hymenes at their internal apesgtige 45 ¢ and Rounet
al. 1990: p. 592 Fig. i and p. 595, Figs. i. j). In cleaned material thesenegmere often
eroded (Fig. 45 c).



Seu

Fig. 44:Craticula cuspidata, Navicula integand Stauroneis phoenicenteron

a - ¢:C. cuspidatalight micrograph of a live individual (a) and afcleaned valve (b) and SEM of valve exterior (c).

d - f: N. integra light micrograph of a live individual (d) and afcleaned valve (e) and SEM of valve exterior (f).

g- i: St. phoenicentergright micrograph of a live individual (g) and afcleaned valve (h) and SEM of valve exterior (i).
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Fig. 45:Craticula cuspidata, Navicula integ@dStauroneis phoenicenteron
a - b:C. cuspidataSEM of valve interior (a) and girdle bands (b).

c - d:N. integra SEM of valve interior (d) and girdle bands (e).

e - f: St. phoenicenterQrSEM of valve interior (g) and girdle bands.
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The most obvious feature of the ger&tauroneiss its stauros (Figs. 44 e + f, 45 e + f and
46). The stauros extends from the raphe-sternum to the valve mangihsdecreasing

thickness.

All species belonging to the genGsaticula had parallel and equidistant striae (Figs. 44 a +
b, 45 a + b and 47). The areolae are aligned longitudinal in straeightdarallel to the raphe

system.

N. integra has a lanceolate or lanceolate-elliptical valve with subtesi@pices and an
additional undulation in the valve margin before the apices (Figs.-44 and 45 c). At the
apices are pseudosepta (Fig. 45 c) The striae are radiateicaralvies more distant (16 — 18
striae/ 10 um) (Figs. 44 a — c and 45 c). The costae sepdfaistiae are thickened at the

centre of the valve, producing a stauros-like structure (Figs. 44 e and 45 c).

3.2.5Gomphonema

In most gene trees, the spedi@smphonem#&rmed a monophyletic clade. Only in the tree in
Fig. 21 did the genus merged in a large polytomy and in F{g. Bjicropuss separated from

the otherGomphonemapecies byCymbella With the exception of the trees basedriocl
sequences;. micropusdiverges at the base of the group. Whereas the entire group had only
low or moderate BS between 16 and 87, the clade withoaticropuswvas supported by high

bootstrap values of 99 or 100.

Nearly all morphological features @. micropuscan be found in one or more of the other
Gomphonemapecies cultured within the scope of this study. All species balprig this
genus have a single H-shaped chloroplast (Figs. 48 a and 49) ampdlateralves. All
species cultured have a single stigma, which internally opeasslit (Figs. 48 d and 50).
Generally the striae are uniseriate, but in some spdmgscan become biseriate close to the
raphe (Figs. 48 ¢ + g and 50). Also the separation of the aredias ailveolus by a small
strut can be found in several species (Fig. 48 d and 50 b, c, fi5.Buicropusis the only
species where the areolae externally open in small round poraidsi8e — g). In all other
cultured species, they are C- or kidney-shaped (Fig. 51). In allespéice external central
raphe endings are expanded and internally they deviate (Figs. 48 SDandternally the
raphe slit ends in a helictoglossae at both poles. Externallapie fissure is hooked. The
only exception can be found . micropuswith a smooth curved terminal fissure (Figs. 48 e
+ fand 51).
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Fig. 46: Stauroneisspecies, light micrograph of cleaned valve (a — c), SENMternal view of the
valve centre (d —f).

a + d:St.ancepsb + e:St. gracilior, ¢ + f: St. kriegerii.
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Fig 47: a - dCraticula halophilioidesg - h:Craticula molestiformis

a + e: light micrograph of live individuals, b + f: light micraghs of cleaned valves, ¢ + g: SEM of
valve exteriors, d + h: SEM of valve interiors.
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Fig. 48:Gomphonema micropus

a + b: light micrograph of live individual (a) and cleaned valve (b) in vaw,v

¢ + d: SEM of valve interior of the whole valve (c) and midvalve dédsi

e - h: SEM of valve exteroir of base (e) and head pole (f), whole valamdggirdle (h).
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Fig 49:Gomphonemapecies, light micrographs of live individuals.
a: G. cf. angustatumb: G. affing c: G. cf. parvulum,d: G. acuminatum,:e5. productum
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Fig 50: Gomphonemapecies, SEM of valve interiors showing midvalve.

a: G. cf. angustatumb: G. affine c: G. cf. parvulum d: G. truncatum,e: G. acuminatum,:fG.
productum
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Fig 51: Gomphonemaspecies, SEM of valve exteriors showing the polar raphe cuevand the
areolae.

a: G. cf. angustatum head pole; b + cG. affine, head pole of with corroded areolae (b) and
uncorroded areolae (c); &. cf. parvulum base pole; €5. truncatum,base pole; f G. acuminatum,
head pole; gG. productumbase pole.
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3.2.6Placoneis and Navicula hambergii

The species belonging to the gemlaconeisandN. hambergiiformed a monophyletic clade
in all phylogenies inferred with the ML analysis (Figs. 3, 9,14, 19, 22 and 26). These
clades were supported by bootstrap values from 24 to 100. The MPesnafySSU rDNA
sequences (Fig. 5) and the combined dataset (Fig. 28) resulted in a gipnupthese
species, too. In the MP phylogenies based on the sequences of thi®NAUYFigs. 13, 17)
andrbcL (Figs. 21, 24) these species were not monophyletic, but still closely related.

Morphological investigations dflavicula hambergiend Placoneis elginensigdicated that
the two species are near relatives. The single chloroplast,angentral bridge from which
lobes project into the four quadrants of the cell (Fig. 52 a, b, Is, typically for species
belonging to the genwRlaconeis The striae are radiate (Fig. 52 ¢ and k). At the centre of the
valve the striae are irregularly abbreviatéd ¢lginensisFig. 52 ¢ + g) or alternately longer
and shorterN. hambergii Fig. 52 k + 0). With SEM it can be seen, that, externallysthae
consist of small round poroids (Fig. 52 g + 0). Internally, theespi@oids are almost square
and closed by vola-like occlusions (Fig. 52 d + I). Both species hawaight raphe with
slightly expanded external central endings and at both poles the hook-likdisaphes curve
to the same side (Fig. 52 c, g, k, 0). The internal central raptimgs of both species are
hooked (Fig. 52 f + n) and the internally helictoglossae at ther paphe endings are strait
and knob-like (Fig. 52 e + m).

3.2.7Cymbella

In all trees with the exception of the tree in Fig. @imbellais most closely related to
Placoneis, Gomphonenand Encyonemalf there is no polytomy in this part of the trég,
aspera, C. helImckaindC. affinisalways belong to a monophyletic clade. But the position of
C. naviculiformisandC. proximadiffers in the different trees. In some gene trees, the branch
with these two species formed a monophyletic clade with the G§rabellaspecies (Figs. 4,

9, 12)). In Fig. 5 this branch is separated from the @lerbellaspecies bysomphonemaln

the trees based on thecL sequence€. proximaappeared at the baseRificoneis whereas

in the trees based on the combined data set this species divetgedGymbellaand C.

naviculiformisformed the base of the clade.

The morphological investigations of this genus concentrated on difesebetweerC.
aspera, C. helmckaeandC. affinison one side an@. naviculiformisor C. proximaon the

other side. All species have the typical features of the g€gyusbella such as dorsiventral
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Fig. 52:Placoneis paraelginens{a — g) andNavicula hambergi{h — 0)

Light micrographs of a live cell (a + h: girdle view, b + i: valvemli@nd cleaned valve (c + k).

SEM showing valve interiors (d + I. detail areolae, e +total view, f + n: detail central raphe
endings) and exterior (g + o: total view).
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valves, uniseriate striae and dorsal deflected terminal rapgheds(Fig. 53). Contrary to the
other four species, stigmata (Fig. 55) and apical pore fields Gdig.are absent irC.
naviculiformis Internally the raphe ends straight in a helictoglossa (5&3.e) in C.
naviculiformis In the other species, the internally polar raphe slit is cuifvigd 56 a — d)C.

proximadid not show obvious differences@aspera, C. helImckandC. affinis

3.2.8Navicula brockmannii

In most phylogenied\. brockmanniwas closely related to the monoraphid diatoms and the
CymbellalesExceptions were only the trees based on LSU rDNA sequengss 1E, 13). In

Fig. 11 N. brockmanniiand the monoraphid species were most closely related tada cla
consisting ofCraticula and Stauroneisand within the large polytomy in Fig. 13 only a
relationship of N. brockmannii and Achnanthidium minutissimunwas shown. In all
phylogeniesN. brockmanniiis always clearly separated by several genera fawvicula

sensu stricto

In contrast to species belongingNaviculasensu strictdsee 3.2.1)N. brockmannihad only

a single chloroplast (Fig. 57 a). The valves were linear wétallgl or slightly convex
margins and broad rostrate or subcapitate ends (Fig. 57 b + cjapine was filiform with
scarcely expanded central pores (Fig. 57 b - d) and lateratlggby deflected terminal
fissures (Fig. 57 b + e). The helictoglossae at the internal gagdhe endings are straight and
knob-like (Fig. 57 f). The axial area was linear and narrow agttbfiwidened close to the
central area, which was variable in size and form becauseegularly abbreviated striae
(Fig. 57 b + c). The striae were radiate, getting parallgatds the poles (Fig. 57 b + c¢). At
the centre of the valve the striae were less dense (25 — 27/1@amtpwards the valve ends
(30 — 32/10um). The striae run continuously from the valve surface downtl@imantle
(Fig. 57 e + g ) and consists of uniseriate rows of round areolaeh where externally
closed by hymenes (Fig. 57 ¢ + d). One or two rows of arexlakl be found on the girdle
bands (Fig. 57 g).

3.2.9 Varieties ofMayamaea atomus

The two varietiesM. atomusvar. atomusand M. atomusvar. permitis formed strongly
supported (BS: 96 — 100) monophyletic clades in all phylogenies shown aboge. T
differences between the sequences, which were visualised byathehdength in the ML
phylogenies (Figs. 3, 10, 11, 15, 19, 22 and 26), were almost as many esrbetevtwo well

definedCocconeispecies.
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Fig. 53:Cymbellaspecies, light micrographs of cleaned valves.
a: C. naviculiformis b: C. proxima c: C. affinis d: C. aspera e:C. helmkei.
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Fig. 54:Cymbellaspecies, SEM of external polar raphe endings.
a: C. naviculiformis b: C. proxima c: C. affinis d: C. aspera e:C. helmkei.
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Fig. 55:Cymbellaspecies, SEM of midvalve interior.
a: C. naviculiformis b: C. proxima c: C. affinis d: C. aspera e:C. helmkei.
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Fig. 56:Cymbellaspecies, SEM of valve interior showing the helictoglossae.
a: C. naviculiformis b: C. proxima c: C. affinis d: C. aspera e:C. helmkei.
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Fig. 57:Navicula brockmannii

a+b: Light micrographs of live individual (a) and cleaned valve (b), c - &I, 8kternal view. f: SEM,
internal view. g: SEM, girdle bands
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Both varieties oM. atomusg(Fig. 58) had radiate striae, which consists of uniseriats af
round areolae. The filiform raphe slit lies in a heavily giéd median costa. The raphe is
slightly curved and the terminal fissures curved to the sadee $he two varieties differ in
size and density of striae and areoMeatomusvar.atomus(Fig. 58 a - ¢) had a medium size
of length/width =10 um/4 pm and 20-24 striae/10 um with approxiyndtebreolae/10 um.
The varietypermitis (Fig. 58 d - f) had 35 striae/10um with approximately 60 areolaefiO p
and reached a medium size of length/width =7,5/3 pm.

Micrographs of sequenced species that are not present above arerstiosvagpendix (Figs.
60 — 70).
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Fig. 58:Mayamaea atomugarieties.
a - ¢:M. atomusvar. atomusd - f: M. atomusvar. permitis

a + c: light micrographs of a cleaned valve, b + e: SEMabfe exterior and ¢ + f: SEM of valve
interior.
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4. Discussion

The recent taxonomy of naviculoid pennates is basically based onigatiess of valve
morphology, cell components and life cycle (e.g., Reetral, 1990). But the development of
the PCR has facilitated the use of DNA sequences for infepingdogenies and several
studies dealing with diatoms had been carried out (e.g., Metdilh 1996 a, b, Medliret al,
2000, Kooistreet al, 2003, Medlin & Kaczmarska, 2004, Sorhannus, 2004). With molecular
phylogenetics, th8olidophyceaavere recovered as the sister group to the diatoms (Guillou
et al, 1999) and a revised classification with new subdivisions and classeproposed
(Medlin & Kaczmarska, 2004). There are several studies, which coatwentn the
relationships of the diatoms with other heterokonta (e.g., Medlad, 1997, Guillouet al,
1999) or on the relationship of the different diatom classes (e.dnaiSarset al, 1995), but
there are only two studies with focus on the naviculoid pennateztéBiest al., 2001,
Behnkeet al, 2004). But in both studies, each genus is only represented by one or two
species. The recent study concentrates on naviculoid pennates. That@t iantl sequensed
cultures covered 22 genera and 72 species. 62 of these species bdlmmdNaviculaceae
covering 16 genera. With the addition of sequences obtained froma@GleriBe number of
naviculoid species rises up to 66, 76 and 109 in the datad®ilojene, LSU rDNA and SSU

rDNA sequences, respectively.

4.1 Comparison of the genetrees

A gene tree constructed from DNA sequences does not neceagaekywith the true species

tree that represents the actual evolutionary pathway of theéespewolved. This is well
known from several simulations (e.g., Pamilo & Nei, 1988, Hillis, 1996ylt&a, 1998) and
empirical studies (e.g., Soltet al, 1998, Soltiet al, 2000). Most molecular phylogenies of
diatoms based on the SSU rDNA (e.g., Medliral, 1996 a, b, Medliret al, 2000, Kooistra

et al, 2003, Medlin & Kaczmarska, 2004). Those studies based on other gene se@ignces
Behnkeet al, 2004) deal with a different set of taxa, which make it veryaditff to compare

the phylogenies. Because the same set of cultures was usaitl denes in this study, the
phylogenies based on sequences of the nuclear SSU rDNA, LSHA &bdl the chloroplast

rbcL gene could be easily compared. For the same reason, the sequences could belgdditional

analysed in a combined dataset.

For all datasets molecular phylogenies were inferred withimnar likelihood (ML) and
maximum parsimony (MP) analyses. The only exception is the edlatdsSSU rDNA
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sequences, which contains sequences obtained from GenBank. For thas thatasaximum
parsimony analysis could not be conducted. The time to conduct the MBiarextremely

increased, because of the large number of species in this dataset.
4.1.1 Phylogenies based on the AlgaTerra cultures

4.1.1.1 Phylogenies based on SSU rDNA sequences

The resulting phylogenetic trees based on the SSU rDNAetabvé AlgaTerra cultures (Figs.
3 — 6) show only few differences. Most relationships between anchwithidifferent genera
in the ML tree could be recovered in the MP tree. The polytomi#dsei MP phylogeny does
not contradict the branching order in the ML treaticola goeppertianaandNeidum affine
form a clade in both gene trees, but this clade diverges at diffpositions in the two
phylogenies. The very long branches of these two specidseiMt tree show that their
sequences differ very much from all other sequences. Espeaniddlly analyses these rapidly
evolving lineages are inferred to be closely related, regardieslseir true evolutionary
relationships or diverge very early in the tree (e.g., Felsan&@04, Salemi & Vandamme,
2003). This phenomenon in phylogenetic analyses is known as “Long Ba#nabtion”.
Long Branch attraction is most commonly in maximum parsimoratyaes but it is also
known for ML or distance methods (e.g., Felsenstein, 2004, Salemi & Vargl&2008). The
problem arises when the DNA of two (or more) lineages evolvesllya These rapidly
evolving lineages are inferred to be closely related, regardiesseir true evolutionary
relationships or diverge very early in the tree. In bootstrag,ttbes misinterpretations will
be supported with high bootstrap values. Therefore the close relationdhi@ wfo genera
might also be a result of Long Branch attraction. But althoughi@rphology differ clearly
(e.g number of chloroplasts, absence or existence of a stigma,eiagiings) and they were
placed in different families in Rounet al. (1990), the two genera belongs to the same
suborder Neidiineae. Becaudéeidum and Luticola are the only representatives of this
suborder in this phylogeny, their close relationship in the trgatmeflect their true relation.
The second clade that changed its position, consist&aofoneis Craticula and Navicula
integra (clade 5 in the ML tree, clade 3 in the MP tree). In both trées,ctade is closely
related to the same two cladésayamaeaEolimng Pinnularia and Caloneison one hand
and the monoraphid genefdaviculabrockmanniiand theCymbellaleson the other hand. In
the MP tree Stauroneis Craticula and Navicula integraare the sister group of the former
clade, in the ML phylogeny the latter is the sister group. Cordparé¢he classification in

Roundet al. (1990) the relationship in the MP tree is more likely, because tgecies were
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placed in the same order (Naviculales). On the other hand the ondeulidkes could not be

supported by the molecular phylogenies.

The deep divergences had no or only poor bootstrap support, but at lowefgkavet to
species) many clades were well supported. Several genera, whichstedlesked on the base
of morphological data, could be recovered as monophyletic groups. Mdses# groups
were supported by high bootstrap value8Q). This is true foFragilaria, Eunotig Navicula
sensu strictpCraticula, Cocconeisand Mayamaea The monophyly oAmphora Cymbella
GomphonemandPlaconeis(with Navicula[Placonei$ hambergij see 4.2.6) had medium or
low bootstrap support and the controversially discussed geiamalaria andCaloneisform

a monophyletic clade, which was supported relatively well (foaildel discussion on these
genera see 4.2.3).

Eunotia diverges first after the outgroufollowed by a clade containinijavicula sensu
stricto andHippodonta capitataThe close relationship of the two genera correspond with the
discussion whether or not to separdippodontafrom Navicula sensu strictorhe strongly
supported monophyly dflavicula sensu stricteuggest a separation. All other new described
genera that were segregated frdwavicula sensu strictdCraticula, Eolimng Luticola,
Mayamaeaand Placonei$ and all ‘Naviculd species, that do not belong to the section
Lineolatae(N. integra N. hambergiiand N. brockmannij for detailed discussion see 4.2.4,
4.2.6 and 4.2.8, respectively) did not cluster withNlagicula sensu stricto. Craticula most
closely related toStauroneisand N. integra. The close relationship o€raticula and
Stauroneisagree with the assumption made by Roendl. (1990) and the results of the
phylogenetic analysis of morphological data conducted by Cox atichidé (2000). The
cymbelloid generaQymbella Placoneis, Encyonemand GomphonemjaN. brockmanniiand

the monoraphid gener@€occoneisand Achnanthidiumform a clade (clade 4)Eolimna
minimaand Mayamaeaare most closely related finnularia/lCaloneis(clade 3).Amphora

diverges at the base of the whole group (clade 2).

4.1.1.2 Phylogenies based on LSU rDNA sequences

The analyses of LSU rDNA alignments resulted in less supportddgamies (Figs. 11 — 14)
as compared to those based on the SSU rDNA. The tree infertethwiparsimony analysis
using the sequences of the AlgaTerra cultures (Figs. 13 + 14) achlskarge unresolved
polytomies, but with the exception of the positiorNofaffineandL. goeppertianahey do not

contradict the branching order in the ML tree (Figs. 11 + 12). In tRdrkk, the two species

form a clade, which diverge from the basal polytomy, whenedka ML tree they diverge
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within the Navicula sensu strictoThe integration in théNavicula sensu strictdiad no
bootstrap support, whereas the clade consistingigbodonta capitataand Navicula sensu
stricto was well supported (BS: 99/76). Therefore and because of thenetephological
differences, it is unlikely thaNeidumand Luticola belong to theNavicula sensu stricto
Similar to the results of the analyses of the SSU rDNA se@ggsetieir close relationship

might represent their true relationship or might be caused by Long Brarazttian.

Although the branching order of the ML tree differs from those oftttees based on SSU
rDNA sequences, several groups could be recovered. Similar toSther[3NA gene tree
Amphora, Craticula Cocconeis,Cymbella Eunotig Fragilaria, GomphonemaMayamaea
Placoneis(with Navicula [Placonei$ hambergij see 4.2.6) an®innulariad/lCaloneisform a
monophyletic clade. But onlyCraticula, Cocconeis, Fragilariaand Mayamaea were
supported by high bootstrap value®9@). The four cymbelloid genera form a monophyletic
clade with an identical branching order compared to the SSArene treeCraticula and
Stauroneiswith N. integra were sister groups andippodontais sister toNavicula sensu
stricto. The close relationship &olimnaminima MayamaeaandPinnularia/Caloneiscould
be recovered, even though the branching order of the genera difiersnost unexpected
difference to the SSU rDNA gene tree is that the araphid dasexge within the raphid,
although they were assigned as outgroup (see PAUP commands in thdigppkhis is
probably, because only one centric diatom was included as outgroup tbepahaphids out
of the raphid diatoms. The ML tree consists of two large clades. In cldgephoradiverged
first followed byEunotia ThenHippodontaandNavicula sensu strictdiverges, followed by
the araphid taxa and finally theymbellales In clade 2Pinnularia/Caloneisand Eolimna
minima form the base andVayamaeadiverges next. The next sub-clade contahhs
brockmannii and Cocconeis Achnanthidium minutissimumis sister to the

Craticula/StauroneiéN. integraclade.

4.1.1.3 Phylogenies based abclL gene sequences

For the datasets abcL sequences the maximum parsimony analyses resulted in a poorly
resolved phylogenetic tree (Figs. 19 + 20). OHippodonta capitataand Navicula sensu
stricto and the two araphid genera form clades, which contain two géneratia Cocconeis
andMayamaeawvere monophyletic. All other genera were merged in a lpojgomy. Most

branches in the ML tree had only low bootstrap support (Fig. 21).

Nevertheless, in the ML tree basedrbcl sequences, several clades from the SSU rDNA

gene tree could be recoveredocconeis,Eunotig Fragilaria, GomphonemaMayamaea,
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Navicula sensu strictoPlaconeis (with Navicula [Placonei$ hambergij see 4.2.6) and
Pinnulariag/lCaloneis form monophyletic clades, again. Additionallystauroneis is
monophyletic because in this gene ti¢eintegradiverges withinCraticula. Three clades
containing the same species but in different branching order couldcbeered. The first
clade consists dEolimna minimaMayamaeaand Pinnularia/lCaloneis(clade 3 in Fig. 19).
Stauroneis, CraticulandN. integraform a second recovered clade (within clade 5 in Fig. 19)
and the third clade contains the monoraphid spebledrockmanniiand the Cymbellales
(clade 4 in Fig. 19). But in this gene tree, the Cymbellalesnatea monophyletic group,
becauseEncyonemdorm a clade with the monoraphid species. But it is unlikely, tinat
clade represents the true relationshipEoicyonemabecause of the strong morphological
support for the Cymbellales and the monophyly of this order in mggbgdnies. Analogue

to the phylogenies based on the SSU rDNA sequertippodonta capitata is sister to
Navicula sensu strictand they diverge close to the base of the tree &éteotia The araphid
diatoms diverge next, followed . minima MayamaeaandPinnularia/lCaloneis Therefore
this is the second gene tree where they diverge within the naviquémidatesLuticola
goeppertianaandNeidum affinform a clade that splits the genisiphora The branches of

L. goeppertianandN. affinein the ML tree are not very long. Therefore this clade could not
be caused by Long Branch attraction. Together \Bitdwroneis, Craticulaand N. integra

these species form the sister clade to the group containi@ythbkellales

4.1.1.4 Phylogenies based on the combined dataset

The analyses of the combined dataset resulted in the best suppmete(Figs. 26 — 29), but
the deep divergences still has only weak bootstrap support. Mosbmshifis of the ML tree
could be recovered in the MP tree. The different positions of tlie dantaining_uticola
goeppertianaandNeidum affinecould be explained by Long Branch attraction. Additionally
the araphid diatoms and the gedumsphoradiverged at different positions. In the ML tree the
araphids diverge aftétavicula sensu strictdut in the MP phylogeny they form a clade with
Eunotia and diverge befor&lavicula sensu strictoln both treesAmphorais most closely
related toCraticula/Stauroneif\. integra, but in the ML treeAmphoradiverges before the
divergence oEolimna minimaMayamaeaandPinnularia/lCaloneisand in the MP tree after

this group.

The ML tree is very similar to the ML tree based on SSUADRNEquences. Most differences
are found in the deeper divergences. Like in the phylogeny based ohcthgene, the
araphid pennates diverge aftannotiaandHippodontaandNavicula sensu strictdsimilar to
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the separate analyses of the LSU rDNA dmcl. gene sequences, the use of a single centric
species might cause the problems to find the real position of dpkidrpennates. The next
clade contained the monoraphid takl,brockmanniiand theCymbellales Then Luticola
goeppertianaand Neidum affinediverge (again with long branches), followed Ayphora
Craticula, StauroneisandN. integraforming the sister clade &olimna minimaMayamaea

andPinnularia/Caloneis.

4.1.1.5 General results of the analyses of the AlgaTerra cultures

The used D1/D2-region of the LSU rDNA comprises more highly variat#as than the SSU
rRNA gene (Van der Auwera & De Wachter, 1998), which makes it evse difficult to
align. A stronger phylogenetic signal for closely related spdoi€omparison with the SSU
rRNA gene and problems for reconstructing deep phylogenies géreated. The latter
expectation was proven by the MP phylogeny with its large polytainthe base of the tree.
But in this study the trees based on the LSU rDNA sequences dprowtle stronger
supported results for closely related species. Compared to ther[3$%A gene trees, the
bootstrap values are lower at all levels. Therefore the usedd1D2-region does not result
in more detailed information of the relationships between the spesed in this study
compared to the SSU rDNA.

A part of therbcL gene was the second sequence additionally used in this studyato obt
clearer information of evolution at lower (order to genus) levelsxdnomic hierarchy in
diatoms. But in the tree resulted from the analyses oftitie dataset the bootstrap supports
at all levels were low compared to the SSU rDNA gene .tikas known that in protein-
coding trees the three codon positions evolve at different ratesefdtegrthese dataset set
was additionally analysed with differently weighted positions, thatresulting tree differs
only slightly (see Fig. 71 in the appendix). In this study only I&@4f therbcL gene, which
has a total length of 1428 — 1434 pb, were used. This might be the risatdhe results fall

short of the expectations.

With the combination of the sequences in a single dataset thenatfon of all genes was
combined. From several studies it is known that an increased numberclebtides (e.g.,
Saito & Nei, 1986) and the use of different genes that have evolved indepher(@eg.,
Pamilo & Nei, 1988). The analysis of the combined dataset should mredu#tes with an
increased resolution and internal support (as measured by bootsluag)viaecause the
number of nucleotides increased and the nuclear-encoded rDNA evotiestbndently from
the plastid-encoderbcL gene. From other studies it is known that the analyses of codhbine
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data sets run faster times compared to the separate dé&dasset al, 1998, Soltist al,
2000). In the recent study, the analyses of the combined datatattearand resulted in trees
with higher bootstrap support than the analyses of the single genes. EgpleeidiVergences
at genus and species level were supported by increased bootstrap Baltighe deep
divergences, where the most differences between the differentrgeseappeared, still have
only poor bootstrap support. The partition homogeneity test of the combiresgtdegsulted
in a very low p-value of 0,01. If the test have been used to detemutiggher or not to
combine data sets for phylogenetic analysis, this p-value desepesate analyses. But the
resulting best supported tree of the combined analyses in thisagitely with other studies,
that have found th&-values < 0,05 should not preclude dataset combination (e.g., Sullivan,
1996, Daviset al, 1998, Flynn & Nedbal, 1998, Yodet al, 2001).

Most differences between the trees are located at deeper branchiegghyogienies, the deep
branches had no or only extremely low bootstrap support. Therefore, drasieel molecular

data, these divergences could not be resolved unambiguously. Althougleshieatsed on the
different datasets differ, many relationships could be recovierettie analyses of each
dataset. This is a strong support that these relationships in tlugg@mgtic trees agree with

the true species tree.

Hippodonta capitatadiverges at the base ofavicula sensu strictan all trees. The well
supported monophyly dflavicula sensu stricton most trees support a separation of the two
genera as promoted by Witkows# al. (1998) and Round (2001). Although the two genera
appeared as sister groups, the results refutes the idea of1@@%, 2002) enlarging the
generic description oNavicula sensu strictdo cover both genera. The results strongly
support the concept dfavicula sensu strict{NaviculasectionLineolatag, because all other
“Naviculd species, that do not belong to the sectidneolatae (N. brockmannij N.
hambergiiandN. integra, for discussion see 4.2.8, 4.2.6 and 4.2.4, respectively) and all new
described genera, that were segregated fidawmicula sensu strictdCraticula, Eolimng
Mayamaeaand Placonei$, did not cluster with th&lavicula sensu strictdlhis is also true

for Luticola, with the exception of the ML tree inferred usibglL gene sequences.

As proposed by Rounet al. (1990) on the base of plastid behaviour, sexual reproduction and
some aspects of the valve morpholoGyaticula is closely related t&tauroneign all trees.
This also agree with Cox and Williams (2000), who conducted a pmdtigeanalysis of

several naviculoid diatoms with a stauros based on morphological data.
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Eolimna minimaandMayamaeaare closely related t@innularia/Caloneisin all trees, but the
branching order of the three genera differs in the differeas t#fesimilar result was found by
Behnkeet al. (2004). In their ML phylogeny of SSU rDNA sequen&esninimaand several

Sellaphoraspecies form the sister cladeRmnularia cf. interruptaandNaviculapelliculosa

Placoneisdiverged within theCymbellalesas presumed by Rouret al. (1990) based on
frustule and protoplast characters. All genera Roeindl. (1990) summarised in the order
Cymbellales which were present in this study, form a monophyletic clad@éendtfferent
phylogenies. But the relationships within this order differ betwd® phylogenetic trees
inferred in this study and the classification shown in Roeindl. (1990). Encyonemavas
describes by Kitzing (1833) and later adde@ymbellaby Cleve-Euler (1948). Rouret al.
(1990) restored the genusncyonemaand placed it together witRymbella Placoneis,
Brebissoniaand Gomphocymbellan the family CymbellaceadBut in all phylogenetic trees
Gomphonemawhich was placed in the family Gomphonemataceae, diverge withfarthky
Cymbellaceae. This result advises a revision of the involved i&n@lymbellaceaeand
Gomphonemataceaan the base of a detailed morphological and molecular investigattion
all genera. The close relationship of the cymbelloid lineage landréshwater monoraphid
taxa, which was shown by Medlin and Kaczmarska (2004), could be redpatthough both

studies used a totally different set of taxa.

Eunotiaform a monophyletic clade, which diverges at the base of theuhadigpennates in
most trees. This contradicts the position of this genus found by MadtinKaczmarska
(2004), whereEunotia diverges between two clades containing naviculoid taxa. But the
results of other analyses (Med&nhal, 2000, Sorhannus, 2004) in which the Eunotiales fell at

the base of all raphid diatoms, are supported.

In all trees, the position dfl. affineandL. goeppertianadiffers. The long branches of this
species in both rIDNA ML trees indicate that the rDNA evolvesemapidly in these species.
Especially for the sequenceslofgoeppertianahis was obvious in the alignment, because of
the large insertions. That these species beloiMdatacula sensu strictas it is shown in the
LSU rDNA gene tree inferred with ML is refused by the maimkll supported monophyly of
Navicula sensu strictin all other trees. Additionally the valve morphology of botbcips
deviates from the generic descriptiondvicula sensu strictoBeside other differences in
both species the raphe structure does not fit to the genericpdiesciof Navicula sensu
stricto (Roundet al, 1990). The two species also form a clade inrtiok gene trees, where
they do not have long branches and in the trees based on the combénsdtdhis clade is
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well supported (BS: 99/97). Because the two genera are the onbsegmtives of the
suborder Neidiineae, the clade reflects this relationship. Binoitld be expected, that the

relationship of the two genera is more distant, than the trees in this study show.
4.1.2 Phylogenies based on enlarged datasets

4.1.2.1 Phylogenies based on SSU rDNA sequences

The ML tree (Figs. 7 — 10) based on the enlarged dataset wittoadtisequences obtained
from GenBank shows a similar relationship of the genera comparée tree based on the
smaller dataset. Similar to this phylogeny the deeper divergdmae very low bootstrap

support.

Most diatom sequences available at GenBank are sequences of the SSU r@N#d-huge
amount of available sequences, | choose all naviculoid pennates, dgaeitkdriales and
Eunotia species. The nomenclatures of two of these additional sequercesotwiously
wrong: AY485521Stauroneis constrictanust be aFragilariopsis species and AY485496
Achnanthesp. must be aAmphoraspecies, because both species belongs to monophyletic

clades with maximum bootstrap support.

Eunotiaform a monophyletic clade, which diverges at the base of @lidgpennates. The
enlarged dataset contains naviculoid and nitzschioid taxa and theg@imyloontradicts the
position of Eunotia found by Medlin and Kaczmarska (2004) and support the results of
Medlin et al. (2000) and Sorhannus (2004). This result also agree with the claissifiin
Roundet al. (1990), in which the Eunotiaphycidae (cont&unotiaand related species) and

the Bacillariophycidae (contain all ather raphid pennates) were combined irasse cl

The Bacillariales form a clade with the maringchnanthespecies, which diverges between
Undatella sp. and the other naviculoid pennates. This separation of monoraphid genera
contradict the order Achnanthales, as mentioned in Retiall (1990). In contrast to the tree

of Medlin and Kaczmarska (2004) the naviculoid pennates form a monaploféete, with

the exception ofUndatellasp. This clade was subdivided into four sub-clades, of which only

the first one is supported by bootstrap analysis (BS: 66).

The first sub-clade (naviculoid pennates part 1, Figs. 7 + 8) comiasisg Gyrosigmaand
Pleurosigmaas sister toHippodonta Navicula sensu strictplus Pseudogomphonema
Equivalent to the phylogenies based on sequences from AlgaTetuaesuH. capitata
diverges at the base of tiNavicula sensu strictoA close relationship of the two genera
Pseudogomphonemaand Navicula sensu strictowas already proposed based on
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morphological analyses (e.g. Medlin & Round, 1986). The molecular data subges
Pseudogomphonenshould not be separated frovavicula sensu strictalthough these two
genera differ in their valve symmetry. It is clear ttteg asymmetry is a derived character
from within theNavicula sensu strictdrhe close relationship @yrosigmaandPleurosigma
agree with the placement in one family by Rowtdl. (1990). All genera in this sub-clade
belong to the suborder Naviculineae sensu Ratirad. (1990), but not all genera summerized

in this subgenus by Rourd al. (1990) appeared in this sub-clade.

Haslea nipkowidid not cluster with the othétasleaspecies in the first sub-clade, but form a
clade withNeidum affine But in Damstéet al. (2004) and Pouliret al. (2004) the genus is
monophyletic and the affiliation of. nipkowii is also suppoted by morphological and

biochemical data.The result of the recent study might be caused by Lo Btaaction.

Clade 1 of the sub-clade naviculoid pennates part 2 (Fig. 9) nsmtaphorasubgenus
Amphoraas sister toPhaeodactylum tricornutunand Luticola goeppertianaas sister to
Diadesmis gallica The close relationship oLuticola and Diadesmis agree with the
combination of the two genera in the family Diadesmidaceadayn (in Roundet al,
1990). ButAmphoraand Phaeodactylumwere placed in different orders by Roueatal.
(1990). All monoraphid genera, with the exception of the makictenanthespecies, could
be found in clade 2. They form two clades witbcconeisandPlanothidiumon one hand and
Pauliella andAchnanthidiunmon the other hand. The divergence in two groups agree with the
separation of two families in Rourad al. (1990), althoughPlanothidiumandPauliella were
not mentioned there. But that the monoraphids diverge within several gdaeed in the
Naviculales contradict the seperation of these genera in an other ordaaf#tales). Similar
to the phylogenie based on the SSU rDNA sequences of AlgaTeditaes, the genera
Cymbella EncyonemaGomphonemaand Placoneisform a monophyletic clade, only the
relationships between these genera differs in the two phylogdBigsagain the families
Cymbellaceae and Gomphonemataceae could not be recovered in theanglegiolgeny. In
this phylogenyAnomoeonejswhich also belongs to the order Cymbellales (Roehal,
1990), and.yrella, which belongs to the order Lyrellales (Rowtal, 1990), form the sister
clade of the other Cymbellale&nomoeoneisindLyrella were each represented by only one
species and their clade had only low bootstrap support. Thereforestiie af this analysis
does not suffice to suggest any chages in the classificationnof felose relationship of the
two orders was also found in the study conducted by Betirdde(2004).
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The sub-clade naviculoid pennates part 3 (Fig. 10) containAnaihora species of the
subgenug$ialamphora but they did not form a monophyletic clade (for detailed discussion of
relationships within the genufémphora see 4.2.2). This dataset contains one species
(Undatellasp.) that is assumend to be closely relatefiniphoraby Roundet al. (1990). But
none of the Amphora species is closely relatetdnidatellasp.. Most species in clade 1 of
this sub-clade belong to the suborder Sellaphorineae (sensu &aind 990). Based on this
phylogeny the genuslayamaeawhich was not mentioned in Rourtial. (1990), should be
placed to the same suborder. TMeayamaeaforms the sister clade ®innularia/Caloneis
suggests the addition dlayamaeato the family Pinnulariaceae. The well supported
monophyly of Eolimna minimaand Sellaphora agree with Behnkeet al. (2004), who
concluded thaE. minima“could be regarded as belogning to the Sellaphoraceae, or even to
Sellaphoraitself “ (p. 206). In clade Navicula pelliculosaN. saprophilg Stauroneié\N.
integra, Eolimna subminusculandCraticula form a strongly supported monophyletic clade
(BS: 100).N. pelliculosaandN. saprophiladoes not belong thlavicula sensu strictand the
results support the separation of these species from the genusheBpbgition ofN.
pelliculosacontradicts the assumption of Rouetdal. (1990) and Behnket al. (2004) that

this species belongs teellaphoraor at least to the suborder Sellaphorineae. Based on the
recent phylogenyN. pelliculosa N. saprophilaand E. subminusculdelong to the family
Stauroneidaceae together wi@raticula, Stauroneisand N. [Prestauroneip integra The
sister clade to the Stauroneidaceae consists of a highly suppooteaphyleticAmphora

subgenusialamphoraclade and a second clade containing several Surirellales.

As described above, this phylogeny supports several clasisifisamade in Rouneét al.
(1990) and several families as well as suborders and orders couleécbeered as
monophyletic clades. But the results clearly show, that the dideiculales as described in
Roundet al. (1990) is a heterogenous group.

4.1.2.2 Phylogenies based on LSU rDNA sequences

Although only nine sequences could be obtained from GenBank the tre¢mgesam the
analyses of the enlarged LSU rDNA dataset differs strofrgiyi those inferred with the
smaller dataset. Some relationships between closely relatedagsuch as the monophyly of
the Cymbellales, could be recovered. But the branching order of tleeediffgroups differs
strongly from those found in all other trees. These deep divergemave no support by
bootstrap values and could not be explained by morphological data. Thetefanse of the
D1/D2-region of the LSU rRNA gene appears problematic.
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Similar to the the tree based on the enlarged SSU rDNA dathseBaccillariales form a
monophyletic clade. But in the phylogenies based on the LSU rDddgfiences this clade
diverge within the naviculoid diatoms. With the addition Avhphora coffeaeformighe
seperation of the two subgenerafmhphorabecomes more obvious. Similar to its position in
the tree based on the enlarged SSU rDNA datBbagodactylundiverges close tdmphora

4.1.2.3 Phylogenies based abclL gene sequences

The enlarged dataset obcL sequences contains 15 additional sequences obtained from
GenBank. The two phylogenies (Figs. 22 — 25) inferred with taitaset show great
differences in the deep branches, compared with each other andhevittees based on the
rbcL sequences from the AlgaTerra cultures. The resolution oMBetree based on the
enlarged dataset is better compared to the MP tree based dicltheequences from the

AlgaTerra cultures, but it still contains several unresolved polytomies.

The additional species of the gen&rmcyonemaEunotia GomphonemandPlaconeisform
monophyletic clades with the other species of their gehgralla form the sister clade to
Petroneis(clade 2), which agree with the family Lyrellaceae erebigdlann (in Roundet
al., 1990). Similar to the tree based on the enlarged SSU rDNAealiathey are relativly
close related to the monoraphid species and the Cymbellalles MLt tree. But the diverge
before the entire group. Equivalent to the tree based on the enla®gedDBIA dataset,
Sellaphoraforms a monophyletic clade witkolimna minimaand is closely related to
Mayamaeaand Pinnularia/lCaloneis Navicula sensu strictas paraphyletic, because bk
salinicola Both phylogenies suggest tHaseudogomphonenmand Seminavisshould not be
separated fronNavicula sensu strictoThe three genera also share several morphological
feature, like uniseriate striae containing apically elongdielike poroids or the raphe
structure, with simple, straight internal central raphe endagsmnded external central raphe
endings and internal raphe fissures, that open laterally (eeglljiV& Round, 1986, Rounek
al., 1990, Danielidis & Mann, 2002). F&eminavist is additionally known, that apart from
creating an asymmetrical shape of the vegetative celgstlaill characteristics exhibited by
the live cell and auxospores agree with what is fouridavicula sensu strict¢e.g., Mann &
Stickle, 1989, Chepurnaat al, 2002).

4.1.3 General relationships of the genera

The phylogenies based on the different datasets differ. Edpebialbranching order of the
early divergences differs strongly and could not be resolved irstilndly. The results show,
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that it could be difficult to detect the relationships of genehachvare represented by only a
single species. They diverge within closly related genera (Bsgudogomphonemaor
change their position in the different phylogenies, especiallizeir DNA evolves rapidly
(e.g., Luticola, Neidun). But several relationships on different levels could be determined

based on all or at least most trees.

The results of this study support the monophyly of the gef@econeis Craticula,
Cymbella Eunotiag GomphonemaVvlayamaeaNavicula sensu strictandPlaconeis(with N.
hambergij see 4.2.6), because they form monophyletic clades in all or ateattrees. A
monophyletic group containing bothCaloneis and Pinnularia, is also supported.
Additionally, in all phylogenies based on enlarged datasets oorgaivo or more species of
these gener&ncyonemalyrella, Pleurosigmaand Sellaphora(with Eolimna minima are
monophyletic. But the monophyly of the gerArsphorais rejected (see 4.2.2).

Navicula sensu strictand Hippodonta capitataare sister groups in most phylogenies. The
close relationship of the two genera correspond with the discussidhewrloe not to separate
them. The strongly supported monophyly Ndvicula sensu strictowhich appear in most
phylogenies, approve a separation. In all phylogenies based oneentatasets containing
sequences fromPseudogomphonemar Seminavisspecies, these species diverge within
Navicula sensu strictoln contrast toNavicula sensu strictd?>seudogomphonemand
Seminavisexhibit asymmetrical valves. On the other hand all three gemhere several
morphological features, like apically elongate, slit-like poroidsyaipbe structure or the two
plastids, lying along each side of the girdle. This suggdsas, different valve symmetry
alone does not approve separating genera. Reichardt (1992) camesamtheesult while

comparing the morphology dfavicula sensu strictandRhoikoneis

The gener&raticula and Stauroneiswhich were summarised in the family Stauroneidaceae
by Mann (in Rounckt al, 1990) and appear as close relatives in a phylogenetic arzgsid

on morphological data (Cox & Williams, 2000), are found to be closévwedain the recent
study, too. The results also suggest to B@@icula [Prestauroneik integra to this family,

because this species is associated with this genera in all phylogenies.

The close relationship d?innularia/Caloneisand Sellaphor@Eolimna minimaas proposed
with the suborder Sellaphorineae by Mann (in Roeinal, 1990) could be recovered in most

phylogenies. The results also support to include the gdayamaeao this suborder.

The recent study support the monophyly of the order Cymbellaleteerey Mann (in Round
et al, 1990). But the results contradict the arrangement of the fartijjesellaceae and
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Gomphonemataceae, because in most teesmphonema(Gomphonemataceae) diverge

within the Cymbellaceae.

The order Naviculales and the suborder Naviculineae as used in Rowtd(1990) are

shown to be heterogenous in all trees.

The monoraphid genera diverge within the naviculoid pennates in all phydsgditiey are
close relatives oNavicula[Adlafia] brockmanniiin most trees and and diverge at the base of
the Cymbellales in several phylogenies, but the relationship betihe monoraphid genera
and the naviculoid pennates could not be resolved unambiguously.

4.2 Relationships within the genera

4.2.1Navicula sensu stricto

J. B. M. Bory de Saint-Vincent (1922) described the gé&tagculabased orN. tripunctata
(O.F.Mdller) Bory. In the beginning all diatoms with a centegdlre on both valves that lack
other light microscopic characteristics of the frustule wasgigned to this genus. But with
further investigations, the morphological diversity of the genus becppagent. Today, it is
widely accepted thdtlavicula (sensu strictp should be used only for species that belong to
the sectiorLineolatag(sensu Cleve, 1895 and Hustedt, 1930).

This study confirms the assumption that the gemNavicula sensu latois a very
heterogeneous group and the results support the monophiNgwula sensu strictoAll
“Naviculd species, that do not belong to the sectioneolatae (sensuCleve, 1895 and
Hustedt, 1930) did not cluster with tiNavicula sensu strict¢gsee 4.1.3)In the molecular
phylogenies theNavicula sensu strictoare divided into three sub-clades, but the
morphological investigations shows no obvious differences betweer thas-clades.
Therefore a further separation of this genus is not reasonablethiButesult does not
contradict Witkowskiet al. (1998). Based on morphological investigations of freshwater and
marine Navicula sensu strict@pecies, they reasoned thiddvicula sensu strictas still a
heterogeneous group and distinguishes six different groups. Buvéhgréups, which were
segregated fromavicula sensu strictacontain mainly marine and few brackish-water taxa.

Therefore none of these taxa is part of this study.

4.2.2Amphora

The genusAmphorawas described by Ehrenberg in 1844 (in Kitzing, 1844). The genus

embraced all species whose raphe systems of both valves fie same side of the cell. That
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Amphorais an atrtificial genus has been known for over 100 years and (898) subdivide
the genus into six subgenera. Three of these subgenera corghindier speciegamphora
HalamphoraandOxyamphoraBut this subdivision did not induce the creation of new genera
from Amphora Only in 1990, did Mann establish the ge@#sninavigin Roundet al., 1990),
which covered several marine species previously assign&thphora The species cultured
within the scope of this study belong to the subgeAerphora(A. libyca, A. pediculusA. cf.
fogedianaand the unidentifiedAmphoraspecies) andHalamphora (A. normanni). Most
species whose sequences were obtained from GenBank are assgtieel subgenus
Halamphoraand onlyA. cf. proteus belongs toAmphora subgenusAmphora The most
obvious morphological difference between the two subgenera is thesatyamiof the girdle.
The girdle of the species belonging to the subgémghoraconsists only of the valvocopula
(Fig. 36 c, d, f and Schoeman and Archibald, 1986: Figs. 70 — 86), whereagdtbef the
species belonging to the subgemieEamphoracontains additionally numerous girdle bands
(Fig. 35 ¢ and Krammer and Lange-Bertalot, 1986: Fig.151: 1 — 6, 18 — 27).

The results of the phylogenetic analyses support a partitioheofeénusAmphora In all
phylogenies those species, which belong to the subgemphiora formed a monophyletic
clade with maximum bootstrap support. In most phylogenies based sedbences of the
AlgaTerra cultures (Figs. 3, 5, 12, 13, 26 and 2Y) normannii diverged first in a
monophyletic clade of alhmphora species. Although this monophyly is supported by
bootstrap values up to 92, the branch length in the ML trees (Figs.a®d126) indicated a
separation. In all trees based imeL. sequences (Figs. 19, 21, 22 and 24)normanniiand

the subgenusdmphoradid not form a monophyletic group. An explicit separation of the two
subgenera occurs with the addition of SSU rDNA and LSU rDNA semseobtained from
GenBank. In the consensus tree inferred with the parsimony analysed on LSU rDNA
sequences, the sikmphoraspecies formed a monophyletic clade (Figs. 17, 18). But the
bootstrap support for this clade was relatively low (53/49), whkettea monophyly of each
subgenus was supported by high bootstrap values (>95). In the ML phyl@ggs. 15, 16)

of this alignment the two subgenera were separatdeénbymoneisin the ML phylogeny of
the SSU rDNA sequences (Figs. 7 - 10), the two subgenera appedanedldifferent clades.
The subgenusdimphorawas most closely related BhaeodactylumDiadesmisand Luticola
(Fig. 9). The subgenusialamphora did not form a monophyletic group (Fig. 10).
coffeaeformisvas most closely related Rossia EolimnaminimaandSellaphora but most
species of this subgenus formed a sister group to sémaniatllales In fact, the sequence of

A. coffeaeformisnissed 29 bases at the beginning and 23 bases at the end of the sequence, but
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these were relatively conserved regions. Therefore this couldentite reason for the clear
separation of this species from the subgeoghora The GenBank sequence AY485496
belongs definitely to aAmphoraspecies and not akchnanthespecies. As mentioned above

(see 4.1.2) there must be a contamination or confusion somewhere.

Molecular and morphological data strongly support a separation apdwes belonging to

the subgenudHalamphora from the genusAmphora But further investigations on the
subgenusHalamphora is needed because the results of the analysis from SSU rDNA
sequences indicate that this is still an artificial group.

4.2.3Caloneis and Pinnularia

As pointed out in the introduction, the separation of the two gene@ntsoversial because
the morphological distinction d?innularia and Caloneisis very problematic. Rounet al.
(1990) and Mann (2001) doubted the correctness of the traditRinaularia-Caloneis
distinction. Based on her investigation on live material, Cox (1988 b) prpgbsse new
groups: (1)Caloneissilicula, Caloneis bacillumand Pinnularia isostauron (2) Caloneis
based orC. amphisbaenand (3)Pinnularia based orP. nobilis Krammer & Lange-Bertalot
(1985) interpreted a different separation, based on the formation ahtdra@al alveoli
aperture: (1) all species whose alveoli are internally neggn, as existing iRinnularia
interruptay (2) species with partially closed alveoli, e.gcaloneis amphisbaenand
Pinnularia gibba (3) species with nearly closed alveoli, likaloneis silicula Nevertheless
they preferred the traditionBinnularia-Caloneisdistinction.

This study also rejects this traditional distinction of the tygmera, because in none of the
trees did Pinnularia or Caloneis form separated monophyletic groups. But in most
phylogenetic trees, the two genera were merged into a mombighglade. In all trees two
groups consisting of severBinnularia species appeared, which could be characterised by

different valve morphology.

One group contained®. obscura, P. anglica, P. mesolepta, P. subcapitatal P.
microstauron P. interruptg whose SSU rDNA sequences was obtained from GenBank,
belongs to this group, too. All species in this group have a filiforralightly lateral raphe
system, where the external raphe slit never crosses the Irgétni&lidvalve, the striae are
radial or parallel and become convergent or parallel at the apiltespecies have a large
central area, which often form a fascia extending to theimargone or both sides. Whereas
P. subcapitata, P. microstauroand P. interrupta have two plate-like chloroplasts.

obscura, P. anglicaand P. mesoleptahave a single H-shaped plastid. Although the three
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species exhibit a single chloroplast were very close reldtedyumber of plastids could not

alone be used as distinctive feature.

The second group consistedRfrupestris, P. viridis, Pcf. viridiformis andP. viridiformis.

All species in this group have a lateral raphe system and ie speties the undulate external
raphe slit crosses the internal slit several times. Tiealti or linear-lanceolate axial area
enlarges into a slightly expanded central area, which is ofiennastric. But in contrast to
the first group, the central area does not form a fascia. Tiae siie radial or parallel at the
centre of the valve and become convergent or parallel at the aplodsr the light
microscope the striae were crossed by a lateral line, wkiataused by partially closed

alveolae. All species have two plate-like chloroplasts.

The position ofP. acrosphaeriaand of the thre€aloneisspecies differs in the different
phylogenetic trees. Based on the valve morpholBggcrosphaerias more closely related to
the second group. With this grouP, acrosphaeriashares partially closed alveoli and the
absence of a fascia. But only the ML phylogenies based on LS dajuences support this
relationship. In most treeB, acrosphaerialiverged at the base of the first group. In the MP
phylogenies based on the rDNA sequences or the combined d&aasebsphaeriaandC.
amphisbaendorm a clade. In the ML phylogenies based on these data, thepeeees had
very long branches in contrast to the other species. Thereforgrahiging might be caused
by Long Branch attraction. Our data does not clarify the positioR. afcrosphaeriaThe
species might belong to the second group, which is supported by the rogspand the ML
phylogenies based on LSU rDNA sequences. But it could also digetbe base of the first

group or be the only representative of a sister group.

In most phylogenetic tree$. amphisbaenaelongs to the second group. This is also
supported by valve morphology becaieamphisbaenahares partially closed alveoli and
the absence of a fascia with this group. Therefore it is posk#tl€. amphisbaenahould be

included in this group.

C. budensishows morphological features of both groups. Like the species belaigihg
first group,C. budensias a fascia. But the alveolae are partially closed, whiehtypical
feature of the species in the second grdalidautashows the same character combination. In
most phylogenies, the two taxa diverge early withinRlmnularia/Caloneisclade. In the ML
tree based on SSU rDNA sequences, the two species fornteadale to the two other

groups. But in most trees they diverge independently, often diatbee of one or the other
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groups. The results indicate that the t@aloneisspecies belong to an additional group,

which might be primary within thBinnularia/Caloneisclade.

These molecular results support the groups defined by Kramnieang§e-Bertalot (1985).
The first group containind®. obscura, P. anglica, P. mesolepta, P. subcapitatd P.
microstauron P. interruptais equivalent to their group 1, which includes all species whose
alveoli are internally nearly open, as existingRmnularia interrupta The second group
consisted oP. rupestris, P. viridis, Pcf. viridiformis, P. viridiformis andC. amphisbaen#s
identical with their group 2, which contains species with partialhsed alveoli, e.g.,
Caloneis amphisbaenand Pinnularia gibba C. budensisand C. lauta represent typical

Caloneisspecies, which are the members of their group 3.

4.2.4Naviculaintegra

N. integrais not a member dflaviculasensu strictand Mereschkowsky (1903) include this
species in the genlaconeis But the species was not yet renamed and Cox (1987) doubted
the correctness of this combination becaNsentegradid not have the kind of chloroplast
typical for this genus.

In all phylogenetic trees shown above the species is yleaparated froniNavicula sensu
stricto and Placoneis With the exception of the two MP phylogenies based onrlibe
sequenced. integra formed a monophyletic group wit@iraticula and Stauroneis In most
trees, this grouping had strong bootstrap support. The positidnimtiegra within this clade
differs. In most trees, the species appears within or at dse bfStauroneis but in the
phylogenies inferred with ML analyses usingcl sequencesN. integra diverged within
Craticula. N. integra shares several morphological features v@taticula and Stauroneis
such as number, form and position of the chloroplasts, the formation ofghe and the
composition of the girdle. But the morphologyNfintegra also prohibits its inclusion into
one of these genera. Parallel and equidistant striae with longitualigned areolae forming
straight lines parallel to the raphe system are typicahi® genuraticula. The striae of\.
integraare radiate and at the centre of the valve more distantiwe#tehed costae separating
them. This produces a stauros-like structure. But the spgeasaiso stauros, which is the most
defining feature of the gen®&auroneisHustedt (1961-1966) placaéd integrain Navicula
section Microstigmaticae Other species of this section were transferred to the genera
Parlibellus (Cox, 1988 a) andProschkinia(Karayeva, 1978). Based on the morphological
investigations an affiliation oN. integra to either of these genera could be refuted. For
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instant,Parlibellus andProschkiniahave a wide girdle region with numerous girdle bands but

N. integrais wider transapically than pervalvarly.

It must therefore be describes a new genus, for which the Raestauroneishas been
chosen.

PrestauroneidBruder,gen nov.

Type speciesPrestauroneis integr@V. Smith) Brudecomb nov. (Figs. 44 d-f and 45 c-d)
Basionym:Pinnularia integraW.Smith (1856, p. 96).
Synonym:Navicula integra(W.Smith) Ralfs (in: Pritchard, 1861, p. 895).

The two plate-like chloroplasts lie one against each side ofitdke.gThe frustules were
isopolar and tend to lie in valve view, because they are widemlapmadly than pervalvarly.
The valves are lanceolate or lanceolate-elliptical with sutatestpices and an additional
undulation in the valve margin before the apices. Pseudoseptatlaeeapices. The striae are
radial at the centre of the valve and become nearly paatltee apices. They are uniseriate
and consist of small round or elliptical poroids, which were occludetlymenes at their
internal aperatures. Midvalve the striae are more distanthendostae separating them are
thickened, producing a stauros-like structure.The external cempta¢ rendings are expanded
and the well developed terminal fissures at the poles curve tiie same side of the valve.
The internal central raphe endings are simple and slightly @¢uiMge girdle composed of

several open, porous bands with one or two rows of small round poroids.

4.2.5Gomphonema

Whereas the phylogenetic trees show clearly that the g@nugphonemand the genera
Cymbella PlaconeisandEncyonemavere near relatives, some relationships within the genus
are ambiguouss. acuminatunandG. truncatumformed the only constant group in all trees.
The position of the other species within this genus differs betvweedifferent phylogenies.
The position ofG. micropuschanged most in the different phylogenies. With exception of the
tree in Fig. 21, the other species were always within a wppparted monophyletic cladé.
micropusdiverged at the base of the genus in most trees. But it watatsb in the middle

of the genus in the trees basedrocl sequences or separated from the genuSymgbellain

Fig. 6. ThatG. micropusbelongs to the monophyletic group in most phylogenies and the
position of this species in the trees basedhmh sequences support the monophyly of the
whole genus. On the other hand, the separatid®. ohicropusand the otheGomphonema

species byCymbellain one tree indicate a division. The long branches bet@eanicropus
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and the rest of the genus in most ML trees and the low bootstiags\ak the whole group
indicate a separation, too. The morphological investigations ofGthraphonemaspecies
result in only one feature, which could be found exclusivel§irmicropus In this species

the external openings of the areolae form small round poroids, whieegasre C- or kidney-
shaped in all otheBomphonemapecies. This could be interpreted as a reason to separate the
genus in two groups. But it could also be the basic form of the égattiich appeared at the

base of the genus and evolved to the characteristic found in the other species.

On the base of these results a separation of the genus could not beeghrdffdh the
exception ofG. micropusthe monophyly of this genus could be clearly shown. To resolve the
relationship ofG. micropusto the other species further investigations with additional specie

are necessary.

4.2.6Placoneis and Navicula hambergii

Although it was already known th&t hambergiidoes not belong tblaviculasensu stricto
(e.g., Krammer and Lange-Bertalot, 1986), the species has mehgeied. Only Metzeltiat
al. (2004, p. 8) noted thalNavicula hambergibelongs very probably t®laconeis.

The phylogenetic trees generated in the recent study shawycthat N. hambergii does
belong to the genuBlaconeisbecause it diverged at the base of or within the genus in most
trees. Altogether the monophyly Nf hambergiiandPlaconeiswas well supported, although
this was not found in all phylogenies. In the four trees inferrigd thhe parsimony analysis
based on LSU rDNA andocL sequences (Figs. 13, 17, 21, 24) the gdPlasoneisis not
monophyletic. In two trees of these trees (Figs. 13, Nl1jrambergiiand thePlaconeis
species diverge from a polytomy. As discussed above this is stk o the relatively few
parsimony informative positions. Mereschkowsky described the ddaaeneisin 1903 and
usedP. exiguaas a typical species. With this genus he separated a groyeaéss from
Naviculasensu latpwhich have a single, asymmetrical chloroplast. Cox (1987) réeerédue
genus and chosB. gastrumas type species, because “delineation and nomenclatiRe of
exiguaare confused” (Cox, 1987, p. 153). In the same paper and a second itivestgax,
2003) she adds several morphological features from SEM investigadidims description of
the genus. One of the most important features of the gdaaeneisis the single chloroplast
with a central bridge and lateral lobes, which lies under theesallhe cells are symmetrical
and parallel or elliptical sided in their central region. Theastare radiate near the centre of
the valve, becoming more parallel at the apices. They are composatalbiround poroids,

which were internally closed by volae. The usually straighteagits lie in a narrow axial
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area. Externally, the central raphe endings are straigghtslightly expanded and the polar
raphe endings curve to the same side. The internal centraleagimgs are usually deflected
to the same side and at the internal polar end small helictaglosre present. All these
features were found iIN. hambergii

Because of the results of the molecular and morphological asaysew combination must

be made:

Placoneis hambergijHustedt) Brudecomb. nov(Fig. 52 h-o0)
Basionym:Navicula hambergiHustedt (1924, p 562, pl. 17: fig. 2).

4.2.7Cymbella

The molecular phylogenies showed different relationships withigehasCymbella In most
trees they form a monophyletic clade, but in the phylogeniedbas therbcL sequence€.
proximais separated. In some tre€s,naviculiformisandC. proximaform a sub-clade within
the monophyletic clade, but in other trees ddlynaviculiformisis separated from the other
species. The morphological investigations show no constant feature wbpbort a
separation oC. proxima,but C. naviculiformisshows obvious differences. This corresponds
with Krammer’'s (1982) subgenef@ymbellaand Cymbopleura Because of the different
results in the molecular phylogenies, which had only relatil@lybootstrap supports, this

study does neither support nor refuse a separation of the subgenera.

4.2.8Navicula brockmannii

It was already known thd@d. brockmanniiwas not a member &aviculasensu strictqe.g.,

Krammer and Lange-Bertalot, 1986), but the species was not yet renamed.

In all phylogenetic trees shown above, the species is ylsaparated fronNaviculasensu
stricto. But N. brockmanniidoes not belong to one of the genera present in the tree because it
never diverges within another genus. In most trees the monoraphid gerkeréhea
Cymbellaleswere the nearest relatives. The only exceptions were tHegamyes based on

LSU rDNA sequences. The morphological investigations showNhatockmanniidoes not
belong to any of the genera present in this study. But the morphofiagis species fits well

to the diagnosis of the recently established géwlafia (Moseret al, 1998). The species in
under 25 um long. The valve has a linear outline and broad rostrate opisateocands. The
raphe is filiform with scarcely expanded central pores andetfmeirial fissures are strongly
deflected laterally. The axial area is linear and narema slightly widened close to the

central area, which is variable in size and form but not widenititetanargins. The striae are
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dense (25 — 32/10um) radiate, getting parallel towards the polesn mantrast to the
diagnosis ofAdlafia the direction does not change abruptly. They run continuously from the
valve surface down onto the mantle and consists of rows of round aretl@ad where
externally closed by hymenes. The girdle bands have a uniseriate or disesiaif areolae.

Because there is only a minor difference between the morpholddybobckmanniiand the

diagnosis of the genusdlafia, | transferN. brockmanniito the genus:
Adlafia brockmanni{Hustedt) Brudecomb. nov(Fig. 57)

Basionym:Navicula brockmanniHustedt (1934, p. 382, fig. 11).

4.2.9 Varieties ofMayamaea atomus

Although the two varieties formed a strongly supported monophylgade in all
phylogenetic trees generated in the course of this studgijffaeence between the sequences
of the two varieties is relatively large. This is most obviouthe phylogeny inferred with the
ML analysis using the combined dataset (Figs. 26, 27). The twdigarade more distant to
each other than for instant the well defined species belongigphorasubgenugsmphora

In the morphological investigations differences size and densisgriae and areolae were
detected. The smalléi. atomusvar. permitis showed a higher density of striae and areolae.
In our cultures these differences were consistent, but Mayam&ara/asi (1988) found
continuity in the size and striation density for their Japanese pgmm#aBased on these
results and the absence of any ecological differencegéfent a separation of the two types.
In contrast to the findings of Mayama and Kobayasi (1988) the comparfisba sequences
indicates thaM. atomusvar. atomusandM. atomusvar. permitiswere not just two varieties
of the same species but two different species. Mayama and &a988) did not observe
the density of the areolae. Therefore this might be the fefmutiee differentiation of the two
forms. To clarify this problem further molecular and morphologicalstigations including

the Japanese populations are necessary.
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Appendix

Used PAUP command blocks:

Outgroup in all analyses

Outgroup 1493_CYCLOTELLA_CHOCTAWATCHEEA
1254 _FRAGILARIA_CROTONENSIS 1256_ASTERIONELLA_FORMOSA,

Maximum Likelihood analyses

set cri=L;

“MODELBLOCK?;

Hsearch start=NJ Timelimit=144000;

savetrees format=phylip brlens=yes file=NAME_AIC_ML.trees;

Modelblocks:

e SSU rDNA sequences from AlgaTerra cultures:
Lset Base=(0.2765 0.1690 0.2453) Nst=6 Rmat=(1.0531 3.1951 1.2328 0.7719
5.6023) Rates=gamma Shape=0.5864 Pinvar=0.4892;

e SSU rDNA sequences from AlgaTerra cultures and GenBank:
Lset Base=(0.2644 0.1619 0.2453) Nst=6 Rmat=(1.3518 3.4650 1.3715 1.2991
6.4325) Rates=gamma Shape=0.4599 Pinvar=0.3493;

* LSU rDNA sequences from AlgaTerra cultures:
Lset Base=(0.3020 0.1525 0.2403) Nst=6 Rmat=(1.0000 2.5417 1.0000 1.0000
5.8760) Rates=gamma Shape=0.6160 Pinvar=0.2261,;

e LSU rDNA sequences from AlgaTerra cultures and GenBank:
Lset Base=(0.2833 0.1713 0.2460) Nst=6 Rmat=(0.8410 2.5640 1.2117 0.8021
4.9980) Rates=gamma Shape=0.5576 Pinvar=0.2085;

« rbcL gene sequences from AlgaTerra cultures:
Lset Base=(0.2971 0.1400 0.1490) Nst=6 Rmat=(0.6610 2.7121 1.3598 0.7100
3.8746) Rates=gamma Shape=0.6289 Pinvar=0.5455;

* rbcL gene sequences from AlgaTerra cultures and GenBank:
Lset Base=(0.3128 0.1285 0.1443) Nst=6 Rmat=(0.5876 2.6700 1.1400 0.6432
3.5812) Rates=gamma Shape=0.6738 Pinvar=0.5429;
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* combined sequences from AlgaTerra cultures:
Lset Base=(0.2847 0.1625 0.2262) Nst=6 Rmat=(0.9032 3.0043 1.4657 0.8179
5.2164) Rates=gamma Shape=0.5134 Pinvar=0.4521;

Parsimony analyses

[consensus parsimony tree]

set criterion=parsimony increase=auto;
hsearch addseqg=random,;

contree/ majrule=yes LE50=yes treefile=NAME_ parcon.trees;

[Parsimony bootstrap tree]

set cri=par increase=auto;

bootstrap nreps=1000 search=heu keepall=yes treefile=NAME_PARbOOtNE3N .tree
savetrees from=1 to=1 savebootp=nodelabels maxdecimals=0
file=NAME_PARbootBaumNEW.trees;

[Parsimony bootstrap tree for SSU rDNA sequences from AlgaTerra cuétndeGenBank]

log file=6PAR_BS15.log;

set cri=par increase=auto;

bootstrap nreps=1000 search=heu keepall=yes

treefile=6_keepall PARBS_Timelimit_15.trees /Timelimit=900 Dstz809);
savetrees from=1 to=1 savebootp=nodelabels maxdecimals=0
file=6_keepall PARBSBaum_Timelimit_15.trees;

Neighbor joining analyses

[NJ bootstrap tree]

set cri=dis;

dset dis=JC;

bootstrap nreps=1000 search=NJ keepall=yes treefile=NAME_NJJCboot.trees;
savetrees from=1 to=1 savebootp=nodelabels maxdecimals=0
file=NAME_NJJCbootBaum.trees;
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Partition homogeneity test (combined dataset)

set increase=auto;

log file=4_PHT100.log;

charpartition genes=18s:1-182B¢L:1829-2513, 28s:2514-3229;
hompart partition=genes nreps=100 seed=123 search=heu;

end;

Weightblock (MacClade output used for thecl. gene dataset from AlgaTerra cultures)

BEGIN CODONS;

GENCODE UNIVNUC,;

ENDBLOCK;

BEGIN ASSUMPTIONS;

OPTIONS DEFTYPE=unord PolyTcount=MINSTEPS ;

WTSET =1.00: 1510111617 19 20 22 24 26 27 28 29 33 34 35 37 38 40 41 42 43 47 49
50 51 53 55 56 61 62 64 65 66 67 68 70 71 73 74 76 77 78 79 80 81 82 83 85 86 88 89 91 92
94 95 97 98 106 107 109 110 111 112 113 114 115 116 117 118 119 120 121 122 123 124
125 126 127 128 130 131 132 133 134 136 137 139 140 142 143 147 148 149 150 151 152
154 155 156 157 158 160 161 163 164 166 167 169 170 172 173 174 176 181 182 184 185
187 188 190 191 193 194 195 196 197 198 199 200 202 203 205 206 208 209 214 215 217
218 219 220 221 222 223 224 226 227 229 230 232 233 234 235 236 237 238 239 241 242
244 245 246 247 248 253 254 256 257 259 260 261 262 263 265 266 268 269 271 272 273
274 275 277 278 280 284 285 286 287 288 289 290 291 292 293 294 295 296 298 299 301
302 303 304 305 307 308 310 311 312 313 314 315 316 317 319 320 322 323 325 326 328
329 331 332 334 335 337 338 339 340 341 343 344 346 347 348 349 350 351 352 353 354
355 356 357 358 359 361 362 363 364 368 369 371 373 374 375 377 379 380 381 382 386
388 389 391 392 394 395-398\3 404 406 407 409 410 412 413 414 418 419 420 421 422 424
425 427 428 432 433 434 439 440 445 449 454 455 461 463 469 470 472 478 485 486 491
493 494 496 497 508 509 510 512 514 515 517 518 519 520 521 526 527 529 530 532 533
538 539 541 542 543 550 551 556 557 558 562 563 564 568 569 570 571 572 577 578 582
583 584 585 586 587 588 589 590 595 596 598 599 601 602 604 605 610 611 613 614 616
617 619 620 621 622 623 625 626 628 629 631 632 634 635 637 638 640 641 642 643 644
645 646 647 649 650 655 656 657 658 659 660 661 662 663 664 665 666 667 668 669 673
674 675 676 680 682, 2.91: 2 9 48 52 69 281 309 366 372 387-390\3 416 447 488 505 534
544 545, 10.00: 3 7 14 23 25 31 39 44 45 57 63 96 105 135 141 145 159 204 210 243 249-



Appendix 129

252\3 258 276 297-300\3 318 365 376 393 401 411 423 442 451 452 453 459 464 468 473
479 511 546 560 566 575 580 592 594 603 607 618 639 652 654 671 683, 1.18: 6 192 267
477 487 492 507, 1.34: 12 72 99 211 399 531 553 597 624-627\3, 1.50: 13 21 75 144 178 216
522 579, 1.02: 15, 2.13: 18 103 108 153 212 270 383 403 441 540 648, 3.70: 30 90 129 175
225 255 408 435 456 457-460\3 475 483 498 523 525 535 565 574 576 591 636 670 677,
1.14: 36 228 480 552, 2.44: 54 162 171 186 201 213 231 342 415 417 429 446 476 482 495
528 548 633, 5.28: 58 60 84 180-183\3 189 250 264 279 306 330-333\3 378 384 430 436 458
465 466 537 554 561 600 678, 1.23: 87 100 240 324 336 345 397 474 573, 1.90: 93 490 549
615 672, 1.60: 102 138 321 327 405 444 547 630 681, 1.28: 165 207 612, 1.05: 168 462 499
501, 1.41: 177 370 396 400 402 438 450 504 516 606 651, 1.08: 282 360 555 567, 1.73: 426
502 513 559 609 684,

ENDBLOCK;
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Tab. 9: Number of unknown nucleotides in SSU rDNA sequences obtained from GenBank

GenBank unknown nucleotides close to
accession number Species primer 1F primer 1528R

AB085830 Eunotia formica var. smatrana 66 -
AB085831 Eunotia monodon var. asiatica 104 -
AB085832 Eunotia pectinalis 79 18
AB085833 Gomphonema pseudaugur 66 25
AJ243061 Amphora montana 6 -
AJ243062 Gomphonema parvulum 7 -
AJ243063 Eolimna minima 8 -
AJ243064 Eolimna subminuscula 6 -
AJ535144 Rossia sp. 65 -
AJ535145 Eunotia sp. 34 -
AJ535149 Lyrella sp. 34 -
AJ544649 Sellaphora pupula 22 -
AJ544655 Sellaphora laevissima 32 -
AJ544659 Lyrella atlantica 34 -
AJB66992 Achnanthes minutissima 202 25
AJ866995 Eunotia bilunaris 202 25
AJ867023 Diadesmis gallica 202 25
AJ867024 Navicula atomus var. permitis 202 25
AJB67025 Navicula saprophila 202 25
AJB67027 Pinnularia rupestris 202 25
AJ867028 Surirella angusta 202 25
AJ867029 Surirella brebissoni 202 25
AJB67030 Cymatopleura elliptica 202 25
AY485460 Navicula sp. 35 22
AY485462 Dickieia ulvacea 35 29
AY485468 Amphiprora paludosa 33 54
AY485476 Achnanthes breviceps 27 10
AY485482 Haslea crucigera - 59
AY485483 Navicula sclesviscensis - 64
AYA485484 Navicula lanceolata 35 27
AY485488 Haslea nipkowii - 80
AY485489 Pleurosigma intermedium - 100
AY485496 Achnanthes sp. 101 53
AYA485497 Amphiprora alata 64 61
AY485498 Amphora coffeaformis 29 23
AY485500 Achnanthidium cf. longipes 97 74
AY485502 Navicula sp. - 27
AY485512 Navicula ramonissima 35 27
AY485513 Navicula sp. 62 58
AY485514 Pleurosigma planktonicum - 13
AY485515 Pleurosigma sp. - 56
AY485516 Gyrosigma limosum 72 62
AY485521 Stauroneis constricta 139 14
AY485524 Haslea pseudostrearia 149 14
AY485528 Paulielle taeniata 96 63
AY672802 Fragilariopsis cylindrus - 2
AY821975 uncultured Eunotia-like diatom 146 62
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Cyclotella choctawatcheeana (1493)
Asterionella formosa (1256)
QSE Fragilaria crotonensis (1254)
100 L— Fragilaria sp. (1410)
4 Eunotia
92 QE Pleurosigma
AY485516 Gyrosigma limosum
90 — AY485524 Haslea pseudostrearia
92 AY485523 Haslea ostrearia
AY485482 Haslea crucigera
g Naviculas. str.and Pseudogomphonema
100 Hippodonta capitata (1272)
g — Frustulia vulraris (1445)
L— AY485488 Haslea nipkowii
Navicula hambergii (1436)
Placoneis elginensis (1312)

66

84

— | 13 57 .
Placoneis sp. (1419)
- 2 <4Encyonema
“4qGomphonema

Cymbella
AJ535153 Anomoeoneis sphaerophora
oodLyrella
—cdCocconeis
56 — AJ535189 Planothidium lanceolatum
AJ867023 Diadesmis gallica
P 92 AJ866992 Achnanthes minutissima
50 Achnanthidium minutissimum (1438)
8 AY485528 Pauliella toeniata
56 — AY485462 Dickieia ulvacea
Navicula brockmannii (1425)

oor— Pinnularia acrosphaeria (1426)
100 59 Caloneis amphisbeana (1550)
I~ 24 AJ535162 Campylodiscus ralfsii clade LB

Luticola goeppertiana (1273)
o 2 Neid_um affine (1551)
— s3 g Surirellales
37 Amphora (group 2
13 w4 Amphora (group 1
AY485459 Phaeodactylum tricornutum
Mayamaea
28 AJ867025 Navicula saprophila
AY485454 Navicula pelliculosa
Stauroneis phoenicenteron (1293, 1437)
Stauroneis anceps (1412)
Stauroneis gracilior (1294)
Stauroneis kriegerii (1309)
Navicula integra (1430)
Craticula
AJ243064 Eolimna subminuscula
Sellaphora
61 Eolimna minima (1267, AJ243063)
23 AY485498 Amphora coffeaeformis
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AJ535144 Rossia sp.
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Fig. 59: Neighbor joining tree based on SSU rDNA sequences fenB#&hk and AlgaTerra
cultures. Bootstrap values obtained from 1000 replications based on Ndeanasing JC
model have been plotted at the nodes. The marked clade LBlipmolzability caused by
Long Branch Attraction.
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Additional microraphs

The figures 60 — 70 show micrographs of sequenced species, whiematgoresent in the

results. The species are shown in alphabetical order.

Fig. 60: Achnanthidium minutissimum
SEM, raphid (a) and rapheless (b) valve (deformed valves, old culture).

Fig. 61:Amphorasp. (1554). Light micrograph of live individual.
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Fig. 62:Cocconeispecies.
a + b:C. pediculusLight micrograph of cleaned valves (a) and SEM, internal view (b).
c - f: C. placentulaLight micrographs of cleaned valves (c + d) and SEM, external view)(e + f
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Fig. 63: a — cEncyonema caespitosuth;- f: E. minutum
a + d: Light micrographs of cleaned valve, b + e: SEM, external view, ¢ #M; BBEernal view.
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18KV g8.Rz2Kx SU 8915 . B2KX SU 8914

Fig. 64: Eolimna minima

a + b: Light micrographs of live individual (a) and cleaned &dly), ¢ + d: SEM, external (c) and
internal (d) view.
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Fig. 65:Eunoctiaspecies

a — d:E. formica Light micrographs of cleaned valves in girdle (a) and evaliew (b) and live
individual (c), SEM showing the raphe (d).

e + f:E. implicata Light micrographs of cleaned valves in valve (e) and girdle view (f).

g: Eunotiasp. SEM showing several strongly deformed valves.
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Fig. 66:Frustulia vulgaris
a + b: Light micrographs of live individual (a) and cleaned valve (b),
c - f: SEM, external (c + d) and internal (e + f) view.
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Fig. 67:Hippodonta capitata

a + b: Light micrographs of live individual (a) and cleaned &dly), ¢ + d: SEM, external (c) and
internal (d) view.

b

AccY Magn b 5S5um
10.0 KV 7000x

Fig. 68:Luticola goeppertiana

a : Light micrograph of cleaned valve, b + c: SEM, extevieak (b) and detail of the internal stigma
aperture (c).
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10 pm

Fig. 69:Neidum affine
Light micrographs of live individual (a) and cleaned valve (b).

Fig. 70:Placoneissp. (1419)
Light micrograph of cleaned valve.
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Eunotia formica (1268)
4& Eunotia sp. (1269)
Eunotia implicata (1321)

Amphora pediculus (1265)
Amphora cf. fogediana (1427)
Amphora libyca (1264)

Amphora sp. (1554)

Eolimna minima (1267)

Mayamaea atomus var. atomus (1274)
Mayamaea atomus var. permitis (1275)

Pinnularia viridiformis (1291)
Pinnularia viridis (1428)
Pinnularia cf. substreptoraphe (1442)
Pinnularia rupestris (1312)
Caloneis lauta (1446)
Pinnularia microstauron (1290)
Pinnularia mesolepta (1429)
Pinnularia anglica (1286)
Pinnularia obscura (1292)
Pinnularia subcapitata (1285)
Pinnularia acrosphaeria (1426)
Caloneis amphisbaena (1550)
Caloneis budensis (1323)
Amphora normannii (1263)
Craticula halophilioides (1308)
Craticula molestiformis (1284)
Craticula cuspidata (1320)
Stauroneis phoenicenteron (1437)
Stauroneis anceps (1412)
Stauroneis gracilior (1294)
Stauroneis kriegerii (1444)
Navicula integra (1430)
C Luticola goeppertiana (1273)
M Neidum affine (1551)
Gomphonema micropus (1271)
Gomphonema affine (1322)
Gomphonema affine (1439)
Gomphonema acuminatum (1424)
Gomphonema truncatum (1552)
Gomphonema cf. angustatum (1409)
Gomphonema cf. parvulum (1315)
Placonels elginensis (1312)
Placonels sp. (1419)
Navicula hambergii (1436)
Cymbella naviculiformis (1324)
Cymbella aspera (1421)

Cymbella affinis (1414, 1423)

Cymbella helmckei (1431)
— Cymbella proxima (1422)

Encyonema chaespitosum (1441)
—E— Achnanthidium minutissimum (1438)
Cocconeis pediculus (1415)

'—Cocconels placentula (1418)

Navicula brockmannii (1425)
[ Fragllarla sp. (1410)

-| L Fragilaria crotonensis (1254)
Asterionella formosa (1256)
Navicula veneta (1281)

I_T—_Nawcula gregaria (1280)

Navicula sp.1 (1411)
Navicula radiosa (1440)
— Navicula capitatoradiata (1417)
Navicula cari (1310)

Navicula tripunctata (1434)

Navicula cryptocephala (1316)
] ‘l Navicula cryptotenella (1416, 1420, 1435)
Navicula sp.2 (1319)

Navicula reinhardtii (1282)

— Hippodonta capitata (1272)
Cyclotella choctawatcheeana (1493)

— 0.01 substitutions/site

Fig. 71: Phylogeny inferred with the ML analysis using a weidtitk obtained from MacClade
based ombcL sequences from AlgaTerra cultures.
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