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Abstract
In most cases, the proliferation of marine planktonic alga is ecologically beneficial for the 

marine food web. However, harmful algal blooms can have negative effects by causing 

fish kills. In this PhD thesis particularly one ichthyotoxic phytoflagellate that has caused 

massive blooms in Scandinavian waters since its first live record in 1998, has been studied.

The first objective of this thesis was to determine the phylogeny and systematic 

position of this organism. The species name Pseudochattonella farcimen sp. nov. was 

proposed as it was found to be different from, but closely related to P. verruculosa,

previously described as the Raphidophyte Chattonella verruculosa Y. Hara et Chihara 

from Japan. Ultrastructure, morphology and pigment composition as well as phylogenetic 

analyses of nuclear rDNA confirmed that the genus Pseudochattonella belong to the 

heterokont class Dictyochophyceae – and not Raphidophyceae as previously believed. 

Florenciellales, a new order within the Dictyochophyceae was proposed, which embraces 

the three species Florenciella parvula Eikrem, P. farcimen and P. verruculosa.

 A further aim of this thesis was to genetically characterize P. farcimen and related 

species, and determine the genetic diversity within and between Pseudochattonella species. 

Genetic evidence for a separation of the two Pseudochattonella species was found in 

nuclear rDNA as well as in protein coding DNA sequences from mitochondria and 

chloroplast. Another objective was to develop molecular methods for detection of this 

species, as well as determine the identity of bloom-forming Pseudochattonella species in 

various geographical regions.

Finally this work was brought into a broader perspective as P. farcimen was 

included in a multigene phylogenetic analysis. Bayesian and maximum likelihood analyses 

improved the heterokont tree compared to previous rDNA analyses. Except for the 

positioning of Chrysophyceae, Eustigmatophyceae and Pinguiophyceae, all main branches 

of Ochrophyta were resolved. Further all plastid-free heterotrophic heterokonts were 

placed sister to Ochrophyta with robust support. 
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List of abbreviations and definitions 
Axenic culture in phycology, a laboratory-maintained single strain or algal species that is free 

of other algae, bacteria or fungi. 

Bp Base pair 

Blast Basic Local Alignment Search Tool. 

Bigyra a phylum within Heterokonta which, together with Pseudofungi constitute 

heterotrophic heterokonts. 

Concerted evolution  (or horizontal evolution) mechanisms by which mutations in a repeat can 

spread “horizontally” to all members in the same gene family. 

cox1 cytochrome oxidase subunit I.

EST Expressed Sequence Tag.

GO Gene Ontology (provides a controlled vocabulary to describe gene and gene 

product attributes in any organism). 

Ichthyotoxic toxic to fish, fish-killing. 

Intraspecific variation variation within a species.

Interspecific variation variation among species. 

ITS rDNA internal transcribed spacer regions of ribosomal DNA. 

Mucocysts saclike structures within cells from which thick, rod-shaped mucilage can be 

extruded to the cell surface when the organism is disturbed.

Ochrophyta a division within Heterokonta that includes all photoautotrophic members.

LSU rDNA large subunit ribosomal DNA, or alternatively 28S rDNA. 

Parenchyma (adj. parenchymatous)  

a form of cell tissue.

psbA photosystem II psbA protein.

rbcL rubisco (ribulose-1,5-bisphosphate carboxylase/oxygenase) large subunit.

rbcS – rbcL spacer the rubisco spacer region lies downstream of the rbcL gene, between the rbcL

and rbcS genes. 

Rhizoplast a striated, contractile strand that extends from the flagellar basal bodies into 

the cell, often connecting with the nuclear surface.

SSU rDNA small subunit ribosomal DNA, or alternatively 18S rDNA. 

Taxon a general term for any taxonomic category. 

Thallus (pl. thalli) The body of an alga, which is not differentiated into vascularized leaves, 

roots, and stems. 

3 



Background

1.1 Eukaryotic marine harmful algal blooms 

and ichthyotoxic algae 
Algae include some of the most abundant eukaryotes on earth, and together with land 

plants they are responsible for the bulk of global primary productivity. Algae (including 

cyanobacteria) are crucial for life on earth as they are the major source of food for marine 

life. Planktonic algae or phytoplankton, living in the oceans perform nearly half of the 

global photosynthesis (Behrenfeld and Falkowski, 1997). In most cases, the proliferation of 

planktonic algae is beneficial for aquaculture and fisheries. However, in some situations 

algal blooms (up to millions of cells per liter) can have a negative effect causing severe 

losses to aquaculture and fisheries. Harmful algal blooms can cause several problems for 

fish, as some algae produce toxins that are directly harmful and even fatal for fish (Brodiet 

and Lewis, 2007). Another widespread problem for fish farmers is the production of fatty 

acids or galactolipids which damage the epithelial tissue of the gills. Algae can also cause 

problems by physical clogging of gills, by mucus excretion, or production of oxygen 

radicals (Brodiet and Lewis, 2007).Virtually all algal-blooms, even non-toxic species, 

reduce the fishes` appetite and reduce oxygen concentrations, stress the fish and make 

them vulnerable to diseases. Several algal species in European marine waters, mainly 

within the divisions Dinophyta, Haptophyta and Heterokonta cause ichthyotoxic (fish-

killing) harmful algal blooms (HAB).  

In this PhD thesis I have studied heterokont algae, and the focus in the following will 

therefore be limited to heterokonts. Within heterokonts several species in the classes 

Raphidophyceae (e.g. Chattonella marina (Subrahman) Hara and Chihara, Chattonella

antiqua (Hada) Ono, Fibrocapsa japonica Toriumi and Takano, Heterosigma akashiwo

(Hada) Hada ex Y. Hara et Chihara) and Bacillariophyceae (Pseudo-nitzschia) cause HAB. 

Fish kills have also been associated with blooms of Dictyocha speculum Ehrenberg 

(Dictyochophyceae) (Henriksen, 1993). 
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1.2 The infrakingdom Heterokonta 
Resolving the phylogenetic relationships between eukaryotes is an ongoing challenge of 

evolutionary biology  (Burki et al., 2007). A current hypothesis for the tree of eukaryotes 

proposes that all diversity can be classified into five or six putative very large assemblages, 

the so-called ‘supergroups’. These comprise the ‘Opisthokonta’ and ‘Amoeboza’ (often 

united in the ‘Unikonts’), ‘Archaeplastida’ or ‘Plantae’, ‘Excavata’, Chromalveolata’, and 

‘Rhizaria’. A robust relationship between two main clades of the supergroup 

chromalveolates:  Heterokonta (stramenopiles) and alveolates, with Rhizaria was recently 

reported (Burki et al., 2007).

Fig. 1: Heterokonta is closely related to Alveolata and Rhizaria (Burki et al., 2007). 

Illustration: Burki F. (pers. com). 

Heterokonta was established as a phylum by Cavalier-Smith (1986), comprising all 

eukaryotic motile biflagellate cells having an anterior flagella (cilia) with tripartite rigid 

tubular flagellar hairs (mastigonemas) and posterior hairless (smooth) flagella, plus all 

5 



their descendants that have secondarily lost one or both flagella. Another definition uniting 

protozoa having evenly spaced tripartite tubular flagellar hairs under the definition 

Stramenopiles (Latin, stramen, straw, and pilus, hair) was given by Patterson (1989), but 

this definition was later regarded synonymous with Heterokonta (Cavalier Smith, 1993). 

Heterokonts include an amazing variety of organismal types, from the colourless flagellate 

Cafeteria, the parasite Labyrinthulea, and oomycetes to plastid-containing groups, 

including a huge variety of single-celled diatoms and giant kelps, whose thalli are 

parenchymatous. Due to the diversity in Heterokonta it was later raised to infrakingdom 

(Cavalier-Smith, 1997) with two main groups, the first being Ochrophyta (Cavalier-Smith, 

1986) consisting mainly of autotrophic heterokonts. And secondly a purely heterotrophic 

group, which was again further subdivided in two phyla: Bigyra and Pseudofungi 

(Cavalier-Smith and Chao, 2006). 

Classes within Heterokonta demonstrate an enormous diversity (e.g. 

Bacillariophyceae) and embrace several ecologically important algal (e.g. diatoms, brown 

algae, chrysophytes) groups. Since the erection of Heterokonta (1986) effort has been put 

into resolving the phylogenetic relationships among this diverse group of organisms. 

Analyses using different nuclear or chloroplast encoded DNA markers (Ben Ali et al., 

2002; Ben Ali et al., 2001; Daugbjerg and Andersen, 1997; Edvardsen et al., 2007) were 

carried out in order to understand the evolutionary relationships within Heterokonta. 

Recently, the most species rich phylogeny of all three heterokont phyla (Ochrophyta, 

Bigyra, Pseudofungi) employing a comprehensive SSU rDNA dataset was performed 

(Cavalier-Smith and Chao, 2006). SSU rDNA sequences originating from uncultured 

marine heterokont flagellates have also been included in phylogenetic analyses revealing 

an amount of yet unidentified heterotrophic heterokont taxa (Kolodziej and Stoeck, 2007). 

In spite of these efforts the main branching order of Heterokonta has remained unresolved.  

As a result of the SSU rDNA analysis with main emphasis on heterotrophic 

heterokonts, a model of possible heterokont evolution based on several morphological 

characters, mode of living and molecular SSU rDNA was presented by Cavalier Smith 

(2006) (Fig. 2).
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Fig. 2: Proposed model of phylogenetic relationships among heterokont classes, from 

Cavalier Smith (2006). The division Heterokonta is divided in three phyla (Ochrophyta, 

Bigyra and Pseudofungi). Bigyra is further divided into three subphyla (Sagenista, 

Bicoecia and Opalozoa) and Ochrophyta into two subphyla (Khakista and Phaeista). 

Phaeista is subdivided into infraphylum Limnista (predominantly freshwater) and Marista 

(predominately marine). TH = flagellar transition helix, TP = flagellar transition plate, -F = 

loss of fucoxanthin. 

The phyla Bigyra (Cavalier-Smith, 1997) and Pseudofungi comprise heterotrophic 

heterokonts (Cavalier-Smith and Chao, 2006), whereas, Ochrophyta (Cavalier-Smith T., 

1986) embraces mainly autotrophic heterokonts. It is important to stress that the taxonomy 

in Cavalier-Smith and Chao (2006) and Fig. 2 not were based solely on the new data and 
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analyses reported, but on integration of these data with relevant previously published data, 

both morphological and molecular.  

1.3 Classes Raphidophyceae and 

Dictyochophyceae
The presence of partite tubular hairs is a characteristic of Heterokonta, but the morphology 

of the hairs and their distribution on the flagella differ among taxa  (Cavalier-Smith and 

Chao, 2006; Cavalier-Smith T., 1986). 

The heterokont class Raphidophyceae is characterized by having an extensive 

flagellar root system, sometimes including a characteristic layered structure (Vesk and 

Moestrup, 1987) and no distal or proximal helix in the transition region of the flagella. 

They may have a rhizoplast, but lack flagellar swellings (Andersen, 2004; Heywood, 1990; 

Heywood and Leedale, 2000). Species within the genus Chattonella is further 

characterized by a cytoplasm clearly divided into a cytoplasmatic endoplasm and a 

vacuolated ectoplasm, and osmiophilic granules in the peripheral cytoplasm that are visible 

in electron micrographs of Chattonella species. Mucocysts are common in many species 

belonging to the class Raphidophyceae, e.g. Chattonella globosa Y. Hara et Chihara and 

Fibrocapsa japonica (Fukuyo et al., 1990). 

The heterokont class Dictyochophyceae is characterized by inconspicuous or no 

flagellar roots, basal bodies in a depression of the nucleus, one transitional plate and a 

proximal two-gyre helix (no rings) in the flagellar transition zone. They have no rhizoplast. 

The heterokont class Dictyochophyceae consisted until this work of three orders 

(Dictyochales (silicoflagellates), Pedinellales and Rhizochromulinales). The phylogenetic 

localization of Dictyochophyceae within Ochrophyta has not been precisely resolved, but 

several phylogenetic analyses have clustered Dictyochophyceae  and Pelagophyceae 

together with high statistical support for this sister taxa affiliation (Ben Ali et al., 2002; 

Ben Ali et al., 2001). The class Dictyochophyceae was also classified in Hypogyristea and 

has been systematically placed together with among other classes Raphidophyceae in the 

infraphylum Marista  (Cavalier-Smith and Chao, 2006) see Fig. 2.
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1.4 The genus Pseudochattonella
A heterokont flagellate formed in 1998 a massive bloom off the coasts of Germany, 

Denmark, Sweden and Norway that killed 350 tons of farmed fish (Aure et al., 2001; 

Backe-Hansen et al., 2001). The responsible organism resembled the `Chattonella

verruculosa´ described from Japan by Hara et al. (1994, but see also Fukuyo et al., 1990). 

Due to distinctly unequal tripartite heterokont flagella inserted into a shallow depression 

near the anterior end of the cell, no visible flagellar roots as well as lack of contractile 

vacuoles and eyespot  the reference strain of C. verruculosa,  NIES670 (originally isolated 

from Seto Inland Sea in Japan) was placed in the heterokont class Raphidophyceae (Hara 

et al., 1994). The heterokont flagellate that bloomed in Skagerrak (1998) differed 

somewhat from C. verruculosa in cell size, form and growth pattern. It was therefore 

tentatively named Chattonella aff. verruculosa, and was initially believed to belong to the 

heterokont class Raphidophyceae.  

In February-March 2001 `Chattonella aff. verruculosa` bloomed again and caused 

the death of 1100 tons of farmed fish along the Norwegian south coast. A satellite image 

was taken 2001.03.25 and gives an indication of the biomass of phytoplankton in surface 

water during the late stage of this bloom. Along the Norwegian south coast the 

concentrations of phytoplankton was high, reaching up to 60 mg chlorophyll a m-3 (Fig. 3).

Five monoalgal strains were isolated off the Norwegian south-eastern coast from this 

bloom and made it possible to study and characterize this phytoflagellate.

9 



Fig. 3 Satellite image from 2001.03.25 indicate the biomass of phytoplankton (chlorophyll a mg m-3) in 

surface water during the late stage of the bloom. White areas are cloud covered and violet areas indicate that 

the data were outside the range of chlorophyll algorithm. Copyright NASA SeaWiFS project Team / Orbital 

Imaging corp. by courtesy of remote sensing group, Plymouth Marine Laboratory, U.K and Nansen 

Environmental and remote sensing Centre, Norway 

Blooms of `C. aff. verruculosa´ in North Atlantic waters without fish mortalities 

were observed in 2000 (German Bight and off the Danish west coasts, Göbel J. & Lu, 

2000), in 2002 (German Bight, off the Danish west coast and Skagen), and in 2004 (Danish 

coast and Kattegat, Bengt Karlsson, pers. com). To enable studies of phylogeny, 

geographic distribution, bloom dynamics and toxic effects in nature for C. verruculosa and 

C. aff. verruculosa, it was necessary to be able to separate them and gain information on 

the genetic variation within and between these organisms.  

Since Chattonella verruculosa previously has been reported from Japan in 1987 

(Yamaguchi et al., 1997) and 1993 (Honsoi Tanabe pers. com) as well as from New 

Zealand in 2003 (Rhodes Lesley, pers com.) a hypothesis of the introduction of this species 

with ballast water from Japan was raised (Hopkins, 2001). Ballast water as a transport 

vector for toxic microalga is beyond doubt (Bolch and de Salas, 2007), and has been 

reported for several cyst forming species within Dinophyta (Bolch and de Salas, 2007). 

However, phytoplankton species that do not form cysts are also capable of surviving 

ballast transit as the presence of viable cells of the Aureococcus anophagefferens
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Hargraves and Sieburth (Pelagophyceae) in ships’ ballast water and small-boat bilge and 

live-well water has been demonstrated (Doblin et al., 2004).

For practical reasons, I find it necessary to here present one main result of this 

thesis: “The species name Verrucophora farcimen sp. et gen. nov. was proposed for the 

identified flagellate blooming in the Skagerrak (paper I). This name then had to be changed 

to Pseudochattonella farcimen”. 

11 



2 Objectives
The main objectives of this thesis were: 

To determine the phylogeny and systematic position of the genus 

Pseudochattonella.

Genetically characterize Pseudochattonella farcimen and related species. 

Determine genetic diversity within and between Pseudochattonella species. 

Develop molecular methods for detection of Pseudochattonella.

Identify the bloom-forming Pseudchattonella species in various geographical 

regions.

Infer the global phylogeny of heterokonts. 

In an effort to resolve the branching order of Heterokonta a multigene phylogenetic 

analysis of heterokonts using DNA (nucleotides) and protein (amino acids) sequence data 

was carried out (paper IV). Pseudochattonella was included as one of the heterokont taxa. 

The phylogenetic position of Pseudochattonella and its closest relatives were also 

determined from morphology in combination with rDNA sequence analysis in paper I, 

which is a first description of Verrucophora farcimen, later renamed Pseudochattonella 

farcimen. Genetic variation in three different cell compartments (chloroplast, nuclear, 

mitochondria) was investigated and compared between the two Pseudochattonella species 

(paper II). Further the identity of Pseudochattonella strains from different geographical 

regions were determined (paper II) and finally molecular methods for specific detection of 

these two species were developed and tested on environmental samples (paper III). 
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3 Materials and methods 

3.1 Algal cultures 
Five monoalgal, non-axenic strains of Pseudochattonella were isolated from the bloom off 

the south coast of Norway in March 2001. Two strains of Pseudochattonella were also 

isolated during this PhD project by single cell capillary isolation from a bloom in 

Skagerrak 2006. The cultures were grown in a modified half-defined medium termed IMR 

½ (Eppley et al., 1967) with salinity 25, at temperatures 4-15oC and at a photon fluence 

rate of 50-100 mol photons m-2 s-1. Additional 17 heterokont strains were obtained from 

other culture collections and kept under growth conditions recommended by their original 

collection (see paper IV). 

3.2 Molecular markers 
To identify species relationship a diverse array of molecular markers is currently available. 

The rate of sequence evolution varies extensively with gene or DNA segment. Finding the 

appropriate DNA marker for the question of interest is thus very important. One of the 

regions that have been extensively used in phylogenetic studies of different organisms is 

the nuclear ribosomal DNA cistron (Hillis and Dixon, 1991). The nuclear genes encoding 

the cytoplasmic ribosomal RNAs (rDNA) are in most eukaryotes organized into 

transcriptional rDNA units with a small (18S/SSU), a 5.8S, and a large (28S/LSU) subunit 

rDNA region, separated by internal transcribed spacer regions ITS1 and ITS2. The rDNA 

sequences are homogenized by concerted evolution, and primarily through gene 

conversion events among the multiple copies. The DNA sequences for LSU and SSU 

rDNA are under strong stabilizing selection due to their critical role in ribosome synthesis. 

Non-coding regions, like the ITS rDNA regions are not under similar functional 

constraints. As a consequence, due to faster accumulation of mutations, these regions 

usually show higher variability. Non-coding regions have therefore been used to study 

intraspecific genetic variation (Bakker et al., 1992; Connell, 2000; Lundholm et al., 2006).

Several plastid genes (e.g. psbA, rbcL) have been widely used as phylogenetic 

markers (Bachvaroff et al., 2005; Daugbjerg and Andersen, 1997; Wee et al., 1996). The 
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rubisco spacer has been used for phylogenetic studies of populations of marine algae 

(Andersen and Bailey, 2002; Bailey and Andersen, 1999; Rohfritsch et al., 2007; Varela-

Alvarez et al., 2007). 

DNA barcoding is applied to identify species of organisms by using a short (750bp) 

DNA sequence from a standard and agreed-upon position in the genome. The 

mitochondrial gene encoding the cytochrome c oxidase subunit 1 (cox1 also referred to as 

COI) has emerged as the standard barcode region for higher animals (Ratnasingham and 

Hebert, 2007) and marine life (www.coreocean.org). Ehara et al. (1997) showed that cox1

also has appropriate variability to resolve higher order relationships among heterokonts. 

Several highly expressed protein coding genes such as actin, beta-tubulin,

elongation factors as well as heat-shock proteins have been shown useful for phylogenetic 

inference in multigene approaches (Fast et al., 2002; Harper et al., 2005; Kim et al., 2006; 

Nosenko and Bhattacharya, 2007; Simpson et al., 2006). Sequence information from whole 

genome sequencing projects as well as other high throughput sequencing initiatives has 

produced an overwhelming amount of sequence data. This opens up for possibilities for 

larger scale multigene phylogenies where more than 70 genes can be applied (Burki and 

Pawlowski, 2006). 

 In this thesis I have applied several markers such as SSU rDNA, LSU rDNA, actin, 

beta-tubulin, cox1, heat-shock protein 90 and rbcL.

3.3 Ribosomal oligonucleotide probes 
An oligonucleotide probe is a short sequence of nucleotides (usually 18-25 bp) synthesized 

to match a specific DNA region. The oligonucleotide probe hybridizes to a specific DNA 

region and is often coupled to a detection system, and can be useful as a tag to detect the 

presence of a specific DNA fragment. This principle has been used for species 

identification of several phytoplankton species (e.g. Lundholm et al., 2006; Not et al., 

2002). In this thesis I have developed oligonucleotide probes for the specific detection of 

Pseudochattonella.
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3.4 Phylogenetic analysis 
A phylogenetic tree is a mathematical structure which is used to model the actual 

evolutionary history of a group of sequences or organisms. The task of molecular 

phylogeny is to convert information in sequences into an evolutionary tree. A great (and 

ever increasing) number of methods have been described for doing this. The most 

commonly used methods can be classified into three major groups; parsimony methods, 

likelihood methods, and distance methods. In maximum parsimony (MP) analysis, the 

tree(s) that requires the fewest character state changes is considered the best representation 

of the true phylogenetic tree (Kithching, 1998). In maximum likelihood (ML) methods, the 

likelihood of observing a given set of sequence data for a specific substitution model is 

maximized for each tree topology, and the topology that gives the highest maximum 

likelihood is chosen as the final tree (Nei and Kumar, 2000). MrBayes is another approach 

for reconstructing phylogeny and is based on Bayes’ theorem which states, “Bayes’ 

formula shows how a person who started out with one set of beliefs, formulated in the prior 

probability of the tree, and modifies his or her belief in the light of new data”. Bayesian 

methods are closely related to other likelihood methods e.g. ML analysis which searches 

for the tree that maximizes the likelihood of the data given an evolutionary model. In 

distance methods, evolutionary distances are computed for all pairs of taxa, and a 

phylogenetic tree is constructed by considering the relationships among these distance 

values. Several methods for testing the reliability of each node in an inferred tree have 

been presented; the most commonly used is bootstrap analysis (Felsenstein, 1985). In this 

thesis I have applied ML, NJ, MP as well as MrBayes analyses for phylogenetic inference. 
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4 Results and discussion 

4.1 The genus Pseudochattonella
In paper I we showed that C. aff. verruculosa from Skagerrak was genetically and 

morphologically different but closely related to C. verruculosa from Japan. The species 

name Verrucophora farcimen sp. et gen. nov was proposed for the identified flagellate 

blooming in Skagerrak. The genus name Verrucophora was, however, regarded as a later 

synonym of Pseudochattonella (Hosoi-Tanabe et al., 2007), and Eikrem et al. (submitted) 

proposed a recombination of Verrucophora farcimen to Pseudochattonella farcimen 

Eikrem, Edvardsen and Throndsen.

Pseudochattonella was found to hold several of the features characterizing 

Dictyochophyceae such as inconspicuous or no microtubular roots, basal bodies in a 

depression of the nucleus, one transitional plate and a proximal two-gyre (two rings) helix 

in the flagellar transition zone, and no rhizoplast. Like in Dictyocha, the nucleus was 

located in the central to anterior part of the cell with a Golgi body alongside the anterior 

part of the nucleus. In addition, Pseudochattonella cells had a bulge on the hairy flagellum. 

The genus Pseudochattonella was from phylogenetic analyses of heterokont SSU rDNA 

and concatenated SSU+LSU rDNA data systematically placed within the heterokont class 

Dictyochophyceae (paper I, IV). Due to morphological differences such as distinct fibrous 

roots connecting the basal bodies and microtubular roots, and both a distal and proximal 

transition helix in the flagellar transition zone in Pseudochattonella (and Florenciella 

parvula Eikrem) a new order within the Dictyochophyceae, Florenciellales, were proposed 

to embrace the three species P. farcimen, P. verruculosa and F. parvula (Edvardsen et al., 

2007; Eikrem et al., 2004). The two Pseudochattonella species (P. verruculosa and P.

farcimen) were similar in ultrastructure, but in P. farcimen we found the nucleus branched 

and not rounded as in P. verruculosa (paper I). Further, the flagellar hairs in P. verruculosa 

were possibly bipartite, not tripartite. The presence of tripartite hairs could however, not be 

precluded as this structure can be difficult to reveal. The pigment composition of P.

farcimen was investigated (paper I) and was found to be similar to other Dictyochophytes. 

In conclusion, ultrastructure, morphology and pigment composition supported and 

confirmed that the genus Pseudochattonella do not belong to the class Raphidophyceae, as 
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previously suggested (Hara et al., 1994). This conclusion is in congruence with Bowers et 

al.(2006) and Hosoi-Tanabe et al. (2007). 

 In light of paper IV, transfer of the genus Pseudochattonella from the class 

Raphidophyceae to the class Dictyochophyceae (paper I) is essential, as the two classes 

apparently are more distantly related than previously anticipated. Raphidophyceae was in 

topologies of previous SSU rDNA and concatenated SSU+LSU rDNA trees clustered 

together with Pelagophyceae and Dictyochophyceae, but with low statistical support for 

this sister taxa relationship (Ben Ali et al., 2002; Cavalier-Smith and Chao, 2006). We 

showed with higher support in paper IV that Raphidophyceae clustered with 

Phaeophyceae, Phaeothamniophyceae and Xanthophyceae whereas, Dictyochophyceae 

received a basal placement within Ochrophyta together with Pelagophyceae and 

Bacillariophyceae. 

4.2 Two species of Pseudochattonella,

unveiling patterns of genetic variability
In comparison to paper I (using nuclear rDNA) further genetic evidence for a separation of 

the two Pseudochattonella species (P. farcimen and P. verruculosa) was found in protein 

coding sequences from additional two cell compartments (mitochondria and chloroplast, 

paper II). Nuclear encoded ribosomal DNA and plastid encoded genes have for several 

years successfully been applied to identify species to infer phylogenetic relationships and 

to reveal genetic diversity (e.g. Ben Ali et al., 2002; Andersen & Bailey, 2002; Ki & Han, 

2007). Ribosomal DNA has the same function in all organisms and occur in high copy 

numbers of rDNA genes in the genome (Brown et al., 1972), further many rDNA 

sequences are available for sequence comparison in GenBank, and therefore rDNA is 

frequently chosen for studies of genetic variation (Andersen and Bailey, 2002; Ben Ali et 

al., 2002; Ki and Han, 2007). Due to strong stabilizing selection LSU and SSU rDNA are 

widely used at the species level and above. We tested the usefulness of nuclear (partial 

LSU rDNA, SSU rDNA and ITS rDNA) as well as mitochondrial cox1 and chloroplast 

(psbA, rbcL and rbcL-rbcS spacer region) for the applicability of differentiating between 

the two species in the genus Pseudochattonella (paper II). We found five of the tested 

molecular markers (partial LSU rDNA, SSU rDNA, partial cox1, psbA and rbcL) useful 
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for investigation of intraspecific genetic variation in Pseudochattonella (Fig. 4). Two of 

these regions were further used for specific identification at the genus and species level 

(paper III). Well known primers for amplification of nuclear ribosomal DNA (18S and 

28S) as well as the “universal” PCR primers for the cox1 region were tested (paper I and 

II). In addition we designed PCR primers for amplification of psbA and rbcL regions in 

Pseudochattonella (paper II). Compared to cox1 the three markers (psbA, rbcL and LSU 

rDNA) showed lower variability when sequences from P. farcimen were compared with 

those of P. verruculosa. The rbcL-rbcS spacer region was not considered useful for species 

delineation as it was identified as a conserved invariable marker within the genus. For 

identification of Pseudochattonella at genus level we found the SSU rDNA useful for 

probe development. In a microarray assay for microalgae with SSU rDNA targeted probes 

it was found that the region with best accessibility was in the first 1000 bases of the 

molecule (Medlin L. pers. com.). Four of our developed SSU rDNA probes targeted sites 

within the first 700 bases of the rDNA molecule and are therefore also considered useful in 

a future microarray detection method for multiple microalgae. For detection at species 

level we found the ITS1 rDNA region useful for design of species specific PCR primers 

(paper III). 
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Conserved marker

Variable marker

Species Genus Class

ITS rDNA 

SSU rDNA* 

rbcL- rbcS spacer 

psbA

rbcL

LSU rDNA

cox1

P. farcimen
P. verruculosa

Pseudochattonella Dictyochophyceae

Heterokonts

 “Universal”

Pelagophyceae

Division

ITS1 rDNA 

SSU rDNA

Specific PCR primers*

Fig. 4. Five of the tested molecular markers (partial LSU rDNA, SSU rDNA, partial cox1,

psbA and rbcL) were useful for investigation of intraspecific genetic variation in 

Pseudochattonella. The markers rbcL-rbcS spacer and SSU rDNA were the most 

conserved markers. The variability in the remainder markers increased in the order psbA,

rbcL, LSU rDNA and cox1. The ITS rDNA region varied within and between species of 

Pseudochattonella as well as within a single Pseudochattonella cell. Two of regions (SSU 

rDNA and ITS rDNA) were further used to develop molecular tools for specific 

identification of Pseudochattonella at the genus and species level. An asterisk (*) indicates 

developed PCR primers or probes specific for Pseudochattonella at the species of genus 

level. 

At the level of intraspecific variation we found by sequence comparison that P.

farcimen strains within a bloom and between blooms in successive years (2001 and 2006) 

were identical in the four DNA regions LSU rDNA, cox1, psbA, rbcL (paper II). This 

result suggested the presence of a homogeneous and stable population of P. farcimen in 

Skagerrak over a five years period (paper II). 
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Polymorphism in the SSU rDNA and ITS rDNA regions were revealed. Direct 

sequencing of PCR products, using either purified or diluted products, resulted in 

unresolved chromatograms often with multiple peaks (Fig. 5). When sequenced clones of 

the ITS rDNA regions in Pseudochattonella were compared we found the ITS1-ITS2 

rDNA to vary within a species (intraspecific) both in P. farcimen and P. verruculosa.

Intraclonal sequence variation was found in all Pseudochattonella strains examined, both 

in strains originating from single cell capillary isolation, and strains obtained by serial 

dilutions. The length of the ITS1-ITS2 rDNA region varied as well, whereas the 5.8S 

rDNA region was of equal length for all clones. The observed sequence variation was not 

correlated with geographical location or strain. 

Fig. 5. Example of an unresolved chromatogram resulting from directly sequencing of PCR 

products from ITS1 rDNA in Pseudochattonella farcimen.

As part of a multigene family, the individual repeats of the nuclear ribosomal DNA 

arrays were expected to become rapidly homogenized through the mechanisms of 

concerted evolution. In our results from Pseudochattonella, however, multiple peaks were 

observed in the chromatograms of ITS rDNA (Fig. 5) and SSU rDNA, reflecting 

intraspecific and intraclonal variation. The sequence variation in the ITS rDNA regions of 

Pseudochattonella was markedly higher compared to that in the SSU rDNA region. We 

uncovered extreme high levels of ITS rDNA polymorphism in Pseudochattonella, this 

phenomena has also previously been encountered in other algal divisions (Fama et al., 

2000; Rehnstam-Holm et al., 2002) as well as within heterokonts (Alverson and Kolnick, 

2005). The observed intra-specific and intra-individual ITS-polymorphism arose probably 

due to distinct ITS rDNA haplotypes together in single Pseudochattonella cells. The ITS 
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rDNA was therefore eliminated as a marker to differentiate among individuals and/or 

populations of Pseudochattonella.

Concerted evolution is generally accepted as a universal phenomenon (Liao, 

1999). In recent years, however, scientists have begun to realize the extent of both 

intraspecific and intra-individual variability in nuclear ribosomal genomes (Gribble and 

Anderson, 2007). Eukaryotic genomes contain in general more than one copy of the rDNA 

genes. The rDNA copy number has from quantitative PCR experiments been shown to 

vary among phytoplankton species and be highly correlated with cell length (Zhu et al., 

2005). From Fig. 6, where heterokont species is highlighted in red colour we see variation 

in copy numbers of rDNA among heterokont species from below 10 copy numbers in 

Nannochloropsis salina Hibberd (Eustigmatophyceae) and Pelagomonas calcetrans

(Pelagophyceae) to copy numbers in the order of 40-1000 in Thalassiosira

(Bacillariophyceae). From our results of heterokont phylogeny (paper IV), observation of 

ITS rDNA polymorphism in Pseudochattonella (paper II) combined with the information 

presented in (Gribble and Anderson, 2007) and the reported variation in rDNA copy 

number between heterokont groups (Zhu et al., 2005), I believe heterokonts in general, and 

especially Pseudochattonella, could be potential candidates for further studies of molecular 

mechanisms of the homogenization effects arising from concerted evolution. 

Fig. 6. Correlation between rDNA copy number estimated by quantitative PCR and cell length from 18 

strains of phytoplankton modified from (Zhu et al., 2005). Heterokont species are emphasized in red color.  
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4.3 Biogeographic distribution of 

Pseudochattonella
For studies of biogeographic distribution, bloom dynamics, and toxic effects of 

Pseudochattonella in nature it is necessary to be able to separate the two 

Pseudochattonella species. In this aspect information on the variation within a species is 

valuable knowledge. We have developed species specific PCR primers and oligonucleotide 

probes for DotBlot hybridization (paper III) and shown these molecular tools to be useful 

for detection of Pseudochattonella to the species level. Pseudochattonella verruculosa

were identified in Germany 2000, New Zealand 2003 (paper II) as well as in 

environmental samples from Netherlands 2006 (paper III) whereas, P. farcimen were 

identified in the Skagerrak in 2006 and 2007 samples (paper II, III). This was the first 

record of P. farcimen in the autumn season, since all previous records were from winter-

spring (January-May). We have shown (paper III) that the probes and specific primers are 

valuable tools in studies of geographical and seasonal distribution of Pseudochattonella to 

the species level.  

Real-time PCR is a promising molecular approach for detection and quantification 

purposes (Bowers et al., 2006; Coyne et al., 2005). If it is desirable to distinguish between 

the two species of Pseudochattonella without sequencing I suggest a single nucleotide 

polymorphism (SNP) approach for species differentiation. This can be carried out through 

a real-time PCR approach (Roche 480 Basic software, Mannheim, Germany v.1.2). The 

principle of SNP analysis in a Roche 480 LightCycler is based on detection of differences 

in the melting points by fluorescence of hybridization probes. A perfectly matching 

hybridization probe will melt at a higher temperature than a probe with one mismatch 

bound to the target sequence. From the sequence information available from this thesis it is 

possible to design a hybridization probe of P. verruculosa that has one base pair mismatch 

compared to the P. farcimen DNA sequence in combination with specific PCR primers for 

Pseudochattonella. The melting point of the P. verruculosa probe will then have a slightly 

lower melting point compared to a perfectly matched probe of P. farcimen. This principle 

has been widely used for genotyping (Saito et al., 2007) and I think it could be useful for 

species differentiation of Pseudochattonella.
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While the role of ballast water as a transport vector for toxic microalgae is now 

beyond doubt (Bolch and de Salas, 2007), finding definitive proof of the introduction of 

any organism, particularly microorganisms, is exceedingly difficult. Through this project 

we have used molecular tools to gain knowledge about Pseudochattonella farcimen 

causing blooms in Skagerrak, and we have also determined the identity of 

Pseudochattonella from other geographical locations. From the limited numbers of 

Pseudochattonella strains available it was a difficult scope of this thesis to approach the 

question whether P. farcimen is an introduced species or not (paper II). With the tools now 

available, also for detection of Pseudochattonella directly in environmental samples (paper 

III), this opens up for future studies addressing the question of introduction. 

4.4 Heterokont phylogeny 
Multigene approaches for resolving phylogenetic relationships using a moderate number of 

protein encoding genes have during the last few years been successfully applied to several 

protist groups (Fast et al., 2002; Kim et al., 2006; Nosenko and Bhattacharya, 2007; 

Simpson et al., 2006). For heterokonts, two gene analyses (SSU+LSU rDNA) have been 

performed - but only for the heterokont phyla Ochrophyta and Pseudofungi, with main 

emphasis on Ochrophyta (Ben Ali et al., 2002; Edvardsen et al., 2007). In paper IV we 

have therefore performed a two gene SSU+LSU rDNA analysis (3906 nucleotides) of all 

three heterokont phyla (Ochrophyta, Pseudofungi and Bigyra). Further we added protein 

sequences from four genes (actin, -tubulin, cox1 and hsp90) to the SSU+LSU rDNA 

dataset, and thereby generated the most gene rich heterokont alignment to date. 

In all our inferred global heterokont trees (paper IV) the split between heterotrophic 

heterokonts (Bigyra and Pseudofungi) and Ochrophyta was strongly supported in contrast 

to earlier phylogenies (Cavalier-Smith and Chao, 2006). Despite the amount of data (5126 

characters) concatenating six genes in a multigene analysis we were not able to resolve the 

phylogeny of heterotrophic heterokonts. In a seven gene (the rbcL gene added) 

phylogenetic analysis of Ochrophyta all main branches of Ochrophyta were resolved, 

except the position of Chrysophyceae, Eustigmatophyceae, and Pinguiophyceae. 

Our trees embracing the heterokont phyla Ochrophyta, Bigyra and Pseudofungi 

indicated that the heterotrophic heterokonts (Bigyra and Pseudofungi) have a higher rate of 

evolution (inferred from branch length) than Ochrophyta. Among all tested models of 
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sequence evolution the covarion model (Huelsenbeck, 2002) fitted the data with the 

highest negative log likelihood. Application of the covarion model on the multigene data 

resulted in a tree with better support for the basal branches of heterokonts than earlier 

shown in studies of global heterokont phylogeny (Ben Ali et al., 2002; Cavalier-Smith and 

Chao, 2006; Edvardsen et al., 2007).

From our molecular data in combination with current knowledge about 

ultrastructure of heterokonts, we suggest a possible scenario of heterokont evolution (Fig. 

7) that differs somewhat from previous views (Fig. 2 (Cavalier-Smith and Chao, 2006)). 

Our results gave reason to move Dictyochophyceae and Raphidophyceae from subphylum 

Phaeista to Khakista. From all our trees, in combination with current knowledge about 

ultrastructure of heterokonts we suggest that a more advanced flagellar apparatus 

originated at one occasion in the ancestor of Phaeista whereas, Khakista independently 

reduced their flagellar apparatus and gained chlorophyll C3. Two heterotrophic lineages are 

depicted (Fig. 7). We believe at least two heterotrophic heterokont clades exist. Since the 

number of heterokont taxa was relatively limited (paper IV), it is likely that more data from 

other groups are needed to further resolve the heterokont tree.

Pelagophyceae

Dictyocophyceae

Eustigmatophyceae

Pinguiophyceae

ChrysophyceaeRaphidophyceae

Xantophyceae/Phaeothamniales

Phaeophyceae
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Fig. 7 Suggested phylogenetic relationships between classes of heterokonts analyzed in this 

study
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As the majority of information in our combined rDNA and protein alignments were 

on the rDNA data, we believe it is worth generating an ever larger alignment with more 

genes and increased number of heterotrophic taxa, also from yet unexplored heterotrophic 

heterokonts (Kolodziej and Stoeck, 2007). Extending our analyses with improved taxon 

and gene sampling – combined with ultrastructural characters - will enable us to better 

understand the evolution of this diverse group of organisms.  
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5 Future perspectives 

5.1 Expressed sequence tag library of P.

farcimen
According to numbers given at the NCBI website (http://www.ncbi.nlm.nih.gov) of April 

2006, there were over 130 billion bases in GenBank and RefSeq alone. Although the 

genomic information in general is increasing there has been a lack of genomic information 

available for the heterokont class Dictyochophyceae. Until date, molecular data available 

from Dictyochophytes were 11 rbcL protein sequences and 69 nucleotide sequences 

(ribosomal DNA (rDNA) and rbcL) in NCBI databases (March 2008).

In collaboration with Alfred Wegner Institute for Polar and Marine Research, an 

Expressed Sequence Tag (EST) dataset of Pseudochattonella farcimen (strain UIO 109) 

was obtained through this PhD project. The EST dataset has been assembled with the 

software phred phrap (Ewing and Green, 1998) and functionally annotated by Blast2GO 

(http://www.blast2go.de/). Some of the EST sequences (of P. farcimen) were included in 

the multigene phylogenetic analysis of heterokonts as a representative of the class 

Dictyochophyceae (paper IV). Over 10.000 EST clones were sequenced, and of these 2390 

were assembled into so called contigs (continuous sequences) by phred phrap (Table 1). 

ESTs that cannot be assembled by other ESTs are called singeltons. 

Table 1: Distribution of EST sequences into contigs and singeltons (phred phrap assembly) 

No. of sequences 

Total number of ESTs 10367

Singeltons (EST not part of a contig) 3174

out of which 2355 was of acceptable length 

ESTs in tentative unique contigs 7193

TCs (Tentative unique sequences) 2390
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5.2 Functional annotation 
Gene Ontologies (GO) gives information of how gene products behave in a cellular 

context. GO annotations are divided into three main categories, biological process, cellular 

component and molecular function. Out of 4745 sequences (2390 contigs and 2355 

singeltons) 1057 sequences were annotated and assigned a function by Blast2GO. These 

sequences were further mapped to a subset of GO terms into broader categories. Initial 

studies of annotated EST sequences of P. farcimen revealed that genes responsible for 

catabolic processes as well as protein metabolic processes and reproduction were abundant 

in the annotated EST sequences. The EST library gives future possibilities of insight into 

transcriptionally active regions in the genome of P. farcimen. The percentage of unknown 

genes in the P. farcimen EST dataset was 55% when compared to the NCBI database and 

61% when compared to the SwissProt database (November 2007). With respect to the 

novelty rate of the ESTs, P. farcimen is until now the first transcriptome dataset available 

for the class Dictyochophyceae.  

Pelagophyceae and Dictyochophyceae are closely related classes within the 

heterokonts. This has previously through several phylogenetic analyses been suggested 

with high statistical support (Ben Ali et al., 2002; Cavalier-Smith and Chao, 2006) and is 

also supported by similarities in ultrastructure. The relationship of these groups as sister 

taxa has also been confirmed through multigene analysis in this thesis (paper IV). The 

genome of Aureococcus anophagefferens (Pelagophyceae) is currently in the process of 

sequencing at DOE Joint Genome Institute (http://www.jgi.doe.gov/), making a more 

comprehensive comparison of these two datasets realistic in near future. As an increasing 

number of sequence information of heterokonts become available, such as EST libraries 

and whole genome projects (e.g. oomycetes (Phytophthora infestans), Bacillariophyceae 

(Thalassiosira pseudonana), Pelagophyceae (Aureococcus anophagefferens), 

Phaeophyceae (Laminaria digitata), Eustigmatophyceae (Nannochloropsis oculata) and 

Labyrinthulea (Schizochytrium sp.) this opens up for future possibilities to compare 

sequence information from several heterokont classes and find unique genes for the class 

Dictyochophyceae. The EST library generated for Pseudochattonella farcimen will in this 

respect be important as to represent the class Dictyochophyceae. The 4745 tentative unique 

sequences will also give valuable insight into transcriptionally active regions in P.

farcimen.
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