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Dinoflagellates and haptophytes are both prominent members of the 

marine phytoplankton and are considered chromalveolates. The interactions of 

the parasitic dinoflagellate Amoebophrya with its host dinoflagellate Akashiwo 

sanguinea were studied using cell biological techniques.  The free-swimming 

dinospore stage of Amoebophrya has two flagella, trichocysts, striated strips, 

condensed chromatin resembling heterochromatin, and electron dense bodies.  

When entering the host cytoplasm and again when entering the host nucleus, the 

electron dense bodies appear in a tube of microtubules close to the surface of 

the host or its nucleus.  Host entry is inhibited by cytochalasin D implying a role 

for microfilament polymerization in the entry process.  While in the host 

cytoplasm, Amoebophrya appears to be separated from the host cytoplasm by 

two membranes.  After entering the host nucleus, the parasite grows and 
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undergoes mitosis forming a multinucleated trophont.  The mastigocoel is an 

internal cavity that contains flagella and becomes the outside of the parasite after 

it leaves the host.  This study indicates that the mastigocoel forms as a result of 

vesicle fusion.  Eventually, Amoebophrya fills the host nucleus and takes on a 

beehive appearance.  The beehive stage contains numerous trichocysts and 

striated strips.  The level of chromatin condensation in intracellular trophonts is 

highly variable.  It then exits its host as a multinucleated vermiform shaped 

creature, which then splits up into individual infective dinospores.  A 

phylogenomic pipeline was designed to analyze the genome and evolutionary 

history of the haptophyte Emiliania huxleyi.  It appears to have genes linking it to 

three lineages: heterokonts, green algae, and red algae.  Genes with shared 

phylogenetic affinities appear to fit into limited functional categories and be 

physically localized in the genome.  The phylogenetic affinities of E. huxleyi with 

the green algae may be an artifact of the much greater number of sequenced 

genomes from the Viridiplantae (=plants+ green algae) when compared to the 

rhodophytes.  The evolutionary history of E. huxleyi is still unclear although they 

do seem to be similar in many ways to heterokonts and are generally believed to 

have red algae derived plastids.  
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Chapter 1: Introduction 

The study of protists is important because they make up a major 

component of life on earth and have large effects on the health of the planet. 

Eukaryotic life is currently divided into five supergroups, which include the 

Opisthokonts, Plantae, Excavates, Rhizaria, and Chromalveolates. Opisthokonts 

include animals and fungi as well as protists. The Plantae include plants and 

protists. The other three supergroups: the Excavates, Rhizaria, and 

Chromalveolates are composed entirely of protists (Keeling et al. 2005). Most 

eukaryotic organisms are protists and most of these are unicellular, but they have 

profound global impacts. For example, there were approximately 247 million 

cases of malaria, a disease caused by protists in the genus Plasmodium, and 

about one million deaths attributed to this disease in 2006 (WHO 2008). In 

addition, harmful algal blooms result in reduced biodiversity and toxins 

accumulating in the food chain that sometimes lead to human death. Harmful 

species of algae come from several groups of protists including several 

dinoflagellates as well as a diatom and a haptophyte (Erdner et al. 2008). 

Furthermore, because many protists are phototrophs, they make a large 

contribution to global primary productivity (Falkowski et al. 2004) and are 

involved in global climate change (Falkowski et al. 1998). Some haptophytes 

known as coccolithophorids, make calcium carbonate scales which result in the 

sedimentation of carbonate to the bottom of the ocean thus removing carbon 

dioxide, a greenhouse gas, from the atmosphere. At times haptophytes have 

produced so many scales that they left behind large geological structures such 
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as the White Cliffs of Dover and other chalk sediments of the Cretaceous.  These 

are composed largely of coccoliths as well as forams produced by foraminifera, 

another group of protists (Mitchell et al. 1997). Thus, understanding protists is 

essential to understanding human health and the functioning of the planet.  The 

protists I focused on are within the eukaryotic supergroup Chromalveolata.  This 

supergroup includes the alveolates, haptophytes, heterokonts and cryptomonads 

(=cryptophytes).  These organisms are unified because some members of each 

group possess secondary plastids containing chlorophylls a and c (Cavalier-

Smith 1999). 

The possession of secondary plastids is not the only example of symbiosis 

in this group.  Symbiotic relationships in which one of the members is harmed are 

parasitic relationships (Saffo 1993).  Among the alveolates, most apicomplexans 

(Oborník et al. 2009) and some dinoflagellates (Coats 1999) are parasites, as are 

some heterokonts, for example Phytophthora spp. (Hardham 2007).  Mutualistic 

relationships involve cases in which both members benefit (Saffo 1993).  Some 

dinoflagellates, such as Symbiodinium, have mutualistic relationships with 

invertebrates (Yellowlees et al. 2008).  There is even at least one apicomplexan, 

Chromera velia, which has a mutualistic relationship with a cnidarian host (Moore 

et al. 2008).  The third form of symbiosis is commensalism in which one member 

benefits and the other is not harmed (Saffo 1993).  
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The origins of plastids 

The origins of primary plastids have been traced back to the phagocytic 

engulfment of a cyanobacterium by a eukaryotic cell (Whatley et al. 1979).  This 

was followed not by digestion but the incorporation of the cyanobacterium into 

the host cell as genes from the endosymbiont were transferred to the host 

nucleus and the symbiont became a true organelle (Martin et al. 1998).  The 

stroma of primary plastids are surrounded by two membranes (Cavalier-Smith 

1981).  There are three main lineages in possession of a primary plastid: 

Glaucophyta, Rhodophyta, and Viridiplantae (Delwiche 1999; Deschamps and 

Moreira 2009; Whatley et al. 1979).  The plastids of Glaucophytes contain single 

thylakoids, phycobilisomes, chlorophyll a, and a reduced genome typical of 

plastids (Delwiche 1999).  The Glaucophyte plastid still retains a remnant 

bacterial cell wall hinting further at its cyanobacterial origin (Delwiche 1999; 

Whatley et al. 1979).  Rhodophyte plastids also have single thylakoids, 

chlorophyll a, and phycobilisomes but lack any remnant of a bacterial cell wall 

(Cavalier-Smith 1981; Delwiche 1999).  Viridiplantae plastids contain chlorophyll 

a and b, have stacked thylakoids, and lack phycobilisomes. 

Secondary plastids arose when a plastidic eukaryotic cell was engulfed by 

another eukaryote.  Secondary plastids usually have a stroma surrounded by 

four membranes although some have only three.  The outer two are usually 

thought to correspond to the plasma membrane of the engulfed cell and the 

endosomal membrane of the secondary host (Cavalier-Smith 1999; Delwiche 
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1999).  In cases in which there are only three, the secondary plastid may have 

been acquired through myzocytosis.  Myzocytosis is a process in which a cell 

punctures another cells plasma membrane with a feeding tube and withdraws the 

cytoplasm through the tube.  Thus a secondary plastid acquired through 

myzocytosis would lack the membrane corresponding to the plasma membrane 

of the original primary plastid-containing cell (Delwiche 1999) although some 

believe that originally there was a fourth membrane and it was lost or that the two 

outer membranes became one (Cavalier-Smith 1999). Two groups of organisms 

have secondary plastids with chlorophylls a and b indicating they are derived 

from the eukaryotic green algae lineage.  The chlorarachniophytes have a plastid 

with four membranes and a residual nucleus, called a nucleomorph, between the 

outer two and the inner two periplastidal membranes.  The phototrophic 

euglenoids surround their plastid stroma by only three membranes.  Euglenoids 

are known to feed myzocytotically (Cavalier-Smith 1981; Delwiche 1999).  

Several groups of organisms have plastids containing chlorophylls a and c all of 

which have either four or three periplastidal membranes.  These are thought to 

be red algal derived secondary plastids.  These include haptophytes, 

heterokonts, cryptomonads, and dinoflagellates (Cavalier-Smith 1981; Delwiche 

1999).  The rest of this dissertation focuses on organisms with secondary red 

algal derived plastids and their relatives so I will describe each of these major 

groups of organisms in some detail. 
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Cryptomonads 

Cryptomonads 

(=cryptophytes) show the clearest 

signs of having Rhodophyte derived 

secondary plastids.  Their plastids 

have a reduced nucleus, called a 

nucleomorph, in the periplastidal 

space between the outer and inner 

pairs of membranes of each plastid 

(figure 1).  The nucleomorph 

genome has a similar arrangement 

of genes as that of the genome of 

the red algal Porphyra purpurea 

(Douglas and Penny 1999) implying 

common ancestory.  The 

periplastidal space contains 

eukaryotic ribosomes labeled by a 

eukaryote specific rRNA probe that 

also labels the nucleolus of the 

nucleomorph giving further 

indication that the periplastidal 

space is the remnant cytoplasm of 

a eukaryotic cell (McFadden 1990).  Also within the periplastidal space are starch 

Figure 1: Drawing of a typical 

member of the genus Cryptomonas.  

Flagellum (Fla); Mastigoneme 

(Mst); Plastid (Pla); Starch granule 

(Sta); Nucleomorph (Nm); Stroma 

(Str); Pyrenoid (Pyr); Thylakoid 

stack (Thy); Nucleus (Nuc); 

Mitochondrion (Mit); Golgi 

apparatus (G); Periplast plate (PP); 

Ejectisome (Ej).  After Santore 

1985. 
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grains, the major form of carbohydrate storage by cryptomonads (figure 

1)(Graham and Wilcox 2000).  Like red algae and cyanobacteria, cryptomonad 

plastids contain phycobiliproteins.  Unlike cyanobacteria and red algae, which 

have their phycobiliproteins in phycobilisomes on the stromal surface of their 

thylakoid membranes (Gantt 1975), cryptomonad phycobiliproteins are found 

within the thylakoid lumen (Gantt et al. 1971) attached to the thylakoid membrane 

(Ludwig and Gibbs 1989).  These protists possess chlorophylls a and c (Cavalier-

Smith 1981; Delwiche 1999).  Thylakoids are in stacks of two in each plastid 

stroma along with a pyrenoid (Graham and Wilcox 2000).  Cryptomonads are 

biflagellate cells; the longer flagellum has two rows of bipartite tubular hairs (Adl 

et al. 2005) called mastigonemes and the other flagellum has one row of bipartite 

mastigonemes (Clay and Kugrens 1999).  The flagella emerge near a gullet lined 

by extrusive organelles called ejectisomes (figure 1), which are structured like 

rolls of ribbon that telescope out during ejection (Graham and Wilcox 2000).  

Cryptomonads can be found in both marine and freshwater habitats (Shalchian-

Tabrizi et al. 2008). 

Heterokonts 

Heterokonts are a highly morphologically diverse group of organisms.  

They include macroscopic kelp, unicellular biflagellate chrysophytes, silica 

frustule bearing diatoms, and parasites such as Phytophthora spp. (Graham and 

Wilcox 2000).  The heterokonts are defined primarily by the morphology of their 

flagella.  Heterokont refers to the two unequal flagella of these protists as 

illustrated in the chrysophyte shown in figure 2.  Typically a heterokont cell has a 



 7 

long immature flagellum with 

mastigonemes and a shorter 

mature flagellum that lacks 

mastigonemes.  Heterokonts are 

sometimes referred to as 

stramenopiles.  A stramenopile 

refers to the tripartite flagellar 

hairs on the immature flagella 

(strameno = straw)(figure 

2)(Andersen 2004).  Some 

heterokonts lack flagella over 

much of their life cycle, but the 

sperm of many of these 

organisms have a heterokont 

configuration of flagella.  For 

example, the sperm of the 

macroscopic intertidal algae, 

Fucus spp. (Bouck 1969), and 

the oomycete Phytophthora 

parasitica (Reichle 1969) are 

biflagellate with one flagellum 

possessing mastigonemes.  Some heterokonts diverge from this pattern, 

however.  Diatoms usually lack flagella, but male gametes of centric diatoms 

Figure 2: Drawing of a typical 

chrysophyte heterokont.  Long 

flagellum (LFla); Mastigoneme (Mst); 

Short flagellum (SFla); Flagellar 

swelling (FS); Nucleus (Nuc); Eye spot 

(ES); Plastid (Pla); Stroma (Str); 

Thylakoid (Thy); Girdle lamella (GL); 

Chrysolaminaran vesicle (Chr); Golgi 

apparatus (G); Mitochondrion (Mit).  

Redrawn from Lee (1989). 
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have one flagellum with mastigonemes but with an aberrant 9 + 0 configuration of 

microtubules (Andersen 2004) and cells in meiosis II that will give rise to male 

gametes also have one flagellum at each spindle pole (Manton et al. 1970).  

Pennate diatoms are not known to ever have flagella.  The gametes of the 

Pinguiophycean, Glossomastix chrysoplasta, have one flagellum without 

mastigonemes (O’Kelly 2002).  The shorter flagellum is frequently 

autofluorescent and likely contains a flavin-like molecule.  A flagellar swelling of 

the shorter flagellum fits into a depression in the cell near a carotenoid containing 

eyespot usually situated inside a plastid (figure 2).  It is thought that the 

autofluorescence of the flagellum and the eyespot are involved in phototaxis 

(Jékely 2009).  Many heterokonts are heterotrophic, but the plastids of those that 

have them generally share certain characteristics.  Heterokont plastids contain 

chlorophylls a and c and the accessory pigment fucoxanthin (Strain et al. 1944).  

They have thylakoids in stacks of three and four membranes surround the 

stroma.  A stack of thylakoids, called a girdle lamella, encircles the periphery of 

the stroma (figure 2)(Andersen 2004; Cavalier-Smith 1981; O’Kelley 2002).  

Carbohydrates are stored in cytoplasmic vesicles as chrysolaminaran (Graham 

and Wilcox 2000). 

Haptophytes 

 

The Haptophyceae get their name from the presence of a haptonema, a 

microtubule supported non-flagellar appendage, and are also well known for their 

production of calcified scales referred to as coccoliths (figure 3)(Andersen 2004; 
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Manton 1967).  The haptonema is 

used in feeding by some 

haptophytes such as 

Chrysochromulina hirta (Kawachi et 

al. 1991; Lewin 1992), but other 

haptophytes, like Prymnesium 

patelliferum, have been observed 

feeding and apparently do not use 

their haptonema (Tillmann 1998) so 

it is possible that some haptonema 

have other functions such as 

attachment.  Coccolithophorids are 

haptophytes, which surround 

themselves with calcified scales 

called coccoliths.  Many non-

calcified haptophytes surround 

themselves with organic scales 

(Graham and Wilcox 2000)(figure 

3).  In coccolithophorids, 

haptonema are frequently reduced as in Ochosphaera neapolitana (Frensel and 

Probert 2005) or absent as in Emiliania huxleyi (=Coccolithus huxleyi)(Klaveness 

1972).  A pair of flagella when present are of equal length and do not have 

mastigonemes (Andersen 2004).  Some cells, particularly those with coccoliths, 

Figure 3: Drawing of a typical 

haptophyte.  Haptonema (Hap); 

Flagellum (Fla); Golgi apparatus (G); 

Scales (Sca); Mitochondrion (Mito); 

Nucleus (Nuc); Chrysolaminaran 

vesicle (Chr); Thylakoid (Thy); Stroma 

(Str); Plastid (Pla).  Redrawn from Lee 

1989). 
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do not have flagella although other members of the same species may have 

flagella.  In the case of O. neapolitana, some coccolith bearing cells have 

flagella, but in the case of E. huxleyi the flagellate cells lack coccoliths instead 

having organic scales (Green et al. 1996).  Haptophyte plastids are similar in 

many ways to those of heterokonts in having four bounding membranes (figure 

3), chlorophylls a and c, and having fucoxanthin.  In addition, the fucoxanthin 

derivatives 19’ -hexanoyloxyfucoxanthin and 19’-butanoyloxyfucoxanthin are 

considered characteristic of haptophytes although some heterokonts also have 

these pigments.  Haptophyte plastids differ from those of heterokonts in that they 

lack a girdle lamella (Andersen 2004; Cavalier-Smith 1981) but like heterokonts, 

haptophytes store carbohydrates as chrysolaminaran in cytoplasmic vesicles 

(figure 3)(Graham and Wilcox 2000).  

Apicomplexans 

 The Apicomplexa include organisms like Plasmodium, the 

pathogen that causes malaria.  Apicomplexans are named for their apical 

complex set of organelles including the micronemes, rhoptries, and dense 

granules (figure 4).  The organelles of the apical complex are used by these 

parasites to gain entry to host cells (Baum et al. 2008; Dubremetz et al. 1998; 

Preiser et al. 2000).  Micronemes are released first and are involved in adhesion 

to host cells.  Rhoptries are released second, contain hydrophobic material, and 

are involved in formation of the parasitoforous vacuole membrane.  Dense 

granules are then exocytosed and modify the parasitoforous vacuole space 

(Baum et al. 2008; Dubremetz et al. 1998; Preiser et al. 2000).  Host cell entry is 
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powered by a parasite actin and 

myosin driven mechanism (Baum et al. 

2008; Sibley 2004).  Despite their 

parasitic life style, at least some 

apicomplexans have plastids (figure 4) 

referred to as apicoplasts.  The 

apicoplast is generally thought to be 

surrounded by four membranes and 

has descended from a red algae.  

While it has no photosynthetic function, 

this organelle is important to the 

parasite for its function in the synthesis 

of fatty acids, isoprenoids, iron-sulfur 

proteins, and heme.  It is considered a 

good drug target, because animals lack 

plastids and use different mechanisms 

for the acquisition and synthesis of the 

biomolecules made in the apicoplast (Lim and McFadden 2010). 

 

Dinoflagellates 

 Dinoflagellates are best known as a source of toxins such as paralytic 

shellfish poison (PSP)(Wang 2008; Wong and Kwok 2005).  Like their alveolate 

relatives the apicomplexans and ciliates, the dinoflagellate cortex has a set of 

Figure 4: Drawing of Plasmodium sp.  

Microneme (Mn); Rhoptry (Rho); 

Dense granule (DG); Mitochondrion 

(Mito); Plastid (Pla); Golgi apparatus 

(G); Nucleus (Nuc); Alveoli (Alv).  

After Preiser et al. 2000 modifications 

from Struck et al. 2005. 
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flattened vesicles referred to as alveoli (figure 5).  Some dinoflagellates have 

cellulosic plates within their alveoli.  The cortex, including alveoli, is sometimes 

called the amphiesma.  The 

dinoflagellate nucleus has unique 

features.  Although eukaryotic 

they lack normal histones and 

have permanently condensed 

chromosomes (figure 5).  During 

mitosis, they send spindle 

microtubules through tunnels lined 

by nuclear envelope and attach 

the microtubules to chromosomes 

through an intact nuclear 

envelope (Bhaud et al. 2000).  

These biflagellate organisms have 

a transverse flagellum encircling 

the cell in a groove called a girdle 

or cingulum and another 

longitudinal flagellum starting in a 

groove called the sulcus (figure 

5)(Graham and Wilcox 2000).  

The transverse flagellum has a 

striated strand (= paraxonemal 

Figure 5: Drawing of a dinoflagellate.  

Alveoli (Alv); Plastid (Pla); Thylakoid 

(Thy); Stroma (Str);  Striated strand 

(SS); Nucleus (Nuc); Permanently 

condensed chromosomes (PChr); 

Longitudinal flagellum (Lfla); Flagellar 

hair (Fh); Transvers flagellum (Tfla); 

Golgi apparatus (G); Mitochondrion 

(Mito); Trichocyst (Tric).  Redrawn 

from Taylor 1980. 
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rod) associated with the axoneme and the longitudinal flagellum has a paraxial 

rod associated with its axoneme with both flagella having flagellar hairs (Dodge 

and Greuet 1987; Leadbeater and Dodge 1967; Taylor 1980).  Dinoflagellates as 

a group seem to have gotten plastids from several different sources.  Most 

dinoflagellate plastids contain chlorophylls a and c, and contain the unique 

xanthophyll, peridinin (Haidak et al. 1966; Iglesias-Prieto et al. 1993; Strain et al. 

1944).  One explanation for the three membranes rather than four is that the 

plastid could have been acquired through myzocytosis a process by which the 

plasma membrane of a prey cell is punctured and the contents ingested without 

the plasma membrane (Delwiche 1999; Schnepf 1985).  Other dinoflagellates, 

including Karenia brevis, Karenia mikimotoi, and Karlodinium micrum, have 

plastids containing chlorophylls a and c with the carotenoids 19’-

butanoyloxyfucoxanthin, 19’-hexanoyloxyfucoxanthin, and fucoxanthin, a pigment 

composition characteristic of haptophytes (Bjornland et al. 2003; Schnepf and 

Elbrachter 1999).   Furthermore, a few dinoflagellates such as Glenodinium 

foliaceum and Peridinium balticum have the remnants of a diatom that retains its 

own nucleus.  These dinoflagellates have chlorophylls a and c with the 

carotenoid, fucoxanthin, typical of heterokonts (Schnepf and Elbrachter 1999).   

Amoebophrya 

 Amoebophrya is a genus of parasitic flagellates that can limit the growth of 

dinoflagellate populations including some harmful species (Coats et al. 1996; 

Coats and Bockstahler 1994; Kim et al. 2004; Nishitani et al. 1985).  In some 

cases Amoebophrya may be a more important control than grazing by 
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microzooplankton (Montagnes et al. 2008).  Depending on the strain, this 

parasite can be limited to one host species (Coats et al. 1996; Coats and Park 

2002) or may be able to infect multiple hosts (Kim 2006).  Phylogenetic studies 

place Amoebophrya between the dinoflagellates and the apicomplexans as a 

group II marine alveolate (Harada et al. 2007; Skovgaard et al. 2005) implying 

that it may have characteristics of 

both apicomplexans and 

dinoflagellates.  Amoebophrya 

spp. have a complex life-cycle in 

which an infective dinospore 

invades its host and undergoes 

multiple rounds of mitosis without 

cytokinesis eventually forming a 

syncytium resembling a beehive 

(Figure 6). The beehive stage has 

an internal cavity called a 

mastigocoel in which the flagella 

grow.  Cachon and Cachon 

(1987) suggest that the 

mastigocoel forms when a sheet of cytoplasm encases the central core of 

parasite cytoplasm.  While exiting the host the parasite inverts itself so the 

membrane lining the mastigocoel becomes the plasma membrane of the 

multinucleated vermiform shaped parasite.  The vermiform separates into 

Figure 6:  Amoebophrya life-cycle.  

Dinospore (D); Early trophont (ET); 

Beehive (BH); Vermiform (V).  After 

Cachon 1987. 
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multiple infective dinospores within minutes of exiting the host.  This entire 

process takes two to three days (Cachon and Cachon 1987; Coats and 

Bockstahler 1994; Kim et al. 2004). 

 

Chromalveolate biology and phylogenetics 

The protists I have focused on are in the chromalveolate supergroup.  

Haptophytes, cryptophytes, heterokonts, and alveolates (include ciliates, 

dinoflagellates, and apicomplexans) are considered chromalveolates because of 

their possession of secondary red algal derived plastids. Cavalier-Smith (1999) 

proposed that because it should be hard to acquire a plastid there was only one 

such acquisition and the organisms in possession of a secondary red algal 

derived plastid form a monophyletic group. This became known as the 

“Chromalveolate hypothesis.” The common ancestory of the plastids has 

received strong support (Le Corguillé et al. 2009). The relationship of the host 

organisms has been more controversial. Some chromalveolates, particularly 

basal ones lack plastids and there have been several separate acquisitions of 

plastids within the dinoflagellates making plastid gain seem like less of a rare 

event (Bodyl 2005). Furthermore, molecular phylogenies support the relationship 

of heterokonts with alveolates and the relationship of cryptophytes and 

haptophytes, but for the chromalveolates to form a monophyletic clade, the 

rhizaria (a group of amoeboid protists including foraminifera and heliozoans) 

must be included in the chromalveolates (Burki et al. 2007). More recently green 

algal derived genes were found in diatom genomes and interpreted as meaning 
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that there was a separate green algal endosymbiosis prior to the red algal 

endosymbiosis or that diatoms actually descended from a green alga (Moustafa 

et al. 2009).  

I am using two approaches to understand the biology of the 

chromalveolates. First I am using ultrastructural techniques to examine the 

parasitic dinoflagellate Amoebophrya sp.  Second, I am using phylogenomic 

methods to study the coccolith producing haptophyte Emiliania huxleyi.  

Amoebophrya sp. parasitizes another dinoflagellate, in this case a phototroph, 

Akashiwo sanguinea.  Amoebophrya falls phylogenetically between the 

apicomplexans and the dinoflagellates (Harada et al. 2007; Skovgaard et al. 

2005).  My work has allowed me to test several hypotheses about Amoebophrya. 

One is that Amoebophrya has permanently condensed chromosomes. A second 

hypothesis is Amoebophrya has plastids. Another is that Amoebophrya shares 

common mechanisms of infection with apicomplexans.  I used transmission 

electron microscopy (TEM) and scanning electron microscopy (SEM) to study the 

life-cycle of Amoebophrya sp. I collected TEM and SEM data on infective 

dinospores separated from their host and TEM data on infected hosts at 10 min, 

12 hr, 24 hr, 36 hr, and 48 hr time points. I also used the cytoskeletal inhibitors 

cytochalasin D (inhibits microfilament polymerization) and nocodazol (inhibits 

microtubule polymerization) to answer questions about how Amoebophrya enters 

its host. My work has indicated that Amoebophrya does not have permanently 

condensed chromosomes. No evidence of plastids was found. Although 

Amoebophrya does not seem to have an apical complex, it does seem to used 
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microfilaments as it enters its host and it has electron dense structures that 

appear to be involved in infection and could be homologous to structures of the 

apical complex of apicomplexans.  

The second approach I am taking is a phylogenomic approach with 

Emiliania huxleyi as a target organism.  Given that E. huxleyi is likely to have had 

gene inputs from at least two organisms: a red algae and the ancestral host 

organism with a possible third a green algae, I designed an analytical pipeline 

that keeps track of separate phylogenetic signals within the genome of E. 

huxleyi.  The pipeline finds homologs using a pairwise reciprocal best hit (prbh) 

blast (Altschul et al. 1997) strategy then looks for clusters of orthologous groups 

(COGs).  A COG is a group of sequences in which each sequence has a prbh 

relationship with at least three other sequences in the group (Tatusov et al. 

1997).  Each COG was then aligned using MUSCLE (Edgar 2004) and each 

alignment subjected to phylogenetic analysis using RAxML (Stamatakis 2006).  

The pipline found approximately 1200 phylogenetic trees.  The bipartitions were 

counted and the trees were sorted based on which bipartition included E. huxleyi.  

Several concatenated alignments were made based on the sorted trees.  

Phylogenetic analyses based on separate concatenated alignments supported 

Emiliania grouping with the heterokonts, the green algae, and the red algae.  

Follow up analyses indicated that the proteins grouped by evolutionary history 

have related functions.  The proteins that grouped E. huxleyi with heterokonts 

were enriched in plastid related genes while the proteins that grouped Emiliania 

with greens were enriched in informational proteins.  Both the heterokont lineage 
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genes and the green lineage genes are distributed on the scaffolds differently 

than would be expected based on the lengths of the scaffolds implying that 

genes with similar evolutionary histories may show some synteny.    
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Chapter 2: Ultrastructure of Amoebophrya sp. and its changes 

during the course of infection. 

Abstract 

Amoebophrya spp. are syndinian dinoflagellates that parasitize protists 

including other dinoflagellates and can limit host populations.  Prior ultrastructural 

investigations have focused primarily on the intracellular stages of the life cycle, 

and relatively little is known about the early stages including attachment to and 

penetration of the host cell.  I undertook a study of these early stages, making 

use of both ultrastructural and inhibitor studies to elucidate the early stages of the 

Amoebophrya life cycle.  The Amoebophrya dinospore has a bulbous episome 

and a narrow hyposome.  Two flagella emerge at the base of the episome.  Each 

of which has a thin accessory structure, but only one has flagellar hairs.  The 

dinospore nucleus has a thick layer of heterochromatin around its periphery.  

Striated plates and dinoflagellate-type trichocysts are found in vesicles around 

the periphery of the cytoplasm beneath the amphiesma.  Electron dense bodies, 

which sometimes appear coiled, are prominent in the dinospore cytoplasm and 

appear to be important in infection of its host Akashiwo sanguinea.  Cytochalasin 

D was effective in inhibiting host cell entry by Amoebophrya whereas nocodazol 

was not, indicating microfilament but not microtubule polymerization is important 

during infection. At 12 and 24 h, cytoplasm appears larger and the nucleolus is 

prominent.  At 36 h, multiple nuclei are present and the mastigocoel is beginning 

to form.  At 48 h, the trophont fills most of the host cell and possesses a large 
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mastigocoel, many flagella, elongated mitochondria and abundant, and abundant 

trichocysts and striated plates.  These results indicate that Amoebophrya has 

important similarities both to more typical dinoflagellates and to apicomplexans.   

 



 21 

Introduction 

The Alveolates are a relatively well-defined group of protists, comprised of 

ciliates, apicomplexans, and dinoflagellates (Fast et al. 2002; Gajadhar et al. 

1991; Wolters 1991).  Despite their morphological diversity, the alveolates 

typically possess cortical vesicles (“alveoli”) subtending their plasma membrane 

(Patterson 1999).  Ciliates are thought to be the earliest diverging of the 

alveolates (Fast et al. 2002; Gajadhar et al. 1991; Wolters 1991).  They are 

known for their complex ciliature and dimorphic nuclei and are important 

consumers of bacteria and protists in many aquatic ecosystems (Hausmann and 

Hülsmann 1996).  The apicomplexans and dinoflagellates together form a clade 

that is sister to the ciliates (Fast et al. 2002; Gajadhar et al. 1991; Wolters 1991).  

Apicomplexans were, until recently, thought to be entirely parasitic.  However, 

Colpodella is a free swimming myzocytotic feeding apicomplexan (Brugerolle 

2002; Kuvardina et al. 2002; Leander et al. 2003; Myl’nikov 2000; Simpson and 

Patterson 1996) and Chromera is a phototroph, which can be cultured without its 

host coral and is considered most closely related to apicomplexans (Moore et al. 

2008).  Apicomplexans are characterized ultrastructurally by an apical complex 

specialized for entry into host cells, which is composed of three membranous 

organelles: micronemes, rhoptries, and dense granules.  Micronemes are 

involved in attachment to a host cell and gliding motility; rhoptries are used in the 

formation of a parasitophorous vacuole membrane; dense granules then modify 

the vacuole membrane and contents (Dubremetz et al. 1998).  Apicomplexans 

include species that cause several important diseases of humans, livestock, and 



 22 

other animals, including malaria, toxoplasmosis, and Texas fever (Hausmann 

and Hülsmann 1996).  Dinoflagellates are best known for their role as primary 

producers and for their dominant role in causing harmful algal blooms (Wong and 

Kwok 2005).  Less well known is that many dinoflagellates are heterotrophic and 

that many plastidic dinoflagellates are mixotrophic.  Furthermore, dinoflagellates 

can be either ectoparasites or endoparasites (Schnepf and Elbrächter 1992). 

Piscinoodinium pillulare is an ectoparasite of fish and has well-developed plastids 

making it a mixotrophic parasite (Lom and Schubert 1983).  Most dinoflagellates 

also have a number of unique cytological characteristics, including permanently 

condensed chromosomes, a lack of normal histones, a distinctive pattern of 

nuclear division termed “dinomitosis” (Bhaud et al. 2000), as well as a striated 

strand (= paraxonemal rod) associated with their transverse flagellum and a 

paraxial rod associated with their longitudinal flagellum (Dodge and Greuet 

1987). 

The dinoflagellates, apicomplexans, and ciliates each constitute a 

distinctive and diverse clade within the alveolates.  However, there are several 

known organisms that have both apicomplexan- and dinoflagellate-like 

morphological characteristics.  Perkinsus marinus (= Dermocystidium marinum) 

was initially discovered as a result of an extensive search for the cause of large-

scale death of oysters (Mackin, et al. 1950; Villalba et al. 2004).  The free-

swimming stage of Perkinsus marinus is an inconspicuous flagellate with 

rhoptries, micronemes, and a conoid reminiscent of structures found in the apical 

complex of apicomplexans (Perkins 1976; Villalba et al. 2004).  At one time 
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Perkinsus was considered an apicomplexan because of its apical complex 

(Perkins 1976), but molecular phylogenetic data place it at the base of 

dinoflagellates (Leander and Keeling 2004; Saldarriaga et al. 2003).  

Parvilucifera is another perkinsid that has a potentially large ecological impact 

because it is an intracellular parasite of dinoflagellates (Noren et al. 1999).  

Rastrimonas subtilis (= Cryptophagus subtilis), a consumer of cryptophyte algae, 

is also considered a perkinsid (Brugerolle 2002; Brugerolle 2003).  Colpodella 

spp. also possess flagella and an apical complex, but are predators of other 

protists and are thought to be closer to the apicomplexans based on both 

ultrastructural and molecular data (Brugerolle 2002; Kuvardina et al. 2002; 

Leander et al. 2003; Myl’nikov 2000; Simpson and Patterson 1996).  The 

presence of dinoflagellates with apical complexes and flagellate myzocytotic 

feeders among the apicomplexans has lead to the proposal that the common 

ancestor of the dinoflagellates and apicomplexans was a biflagellate with an 

apical complex (Leander and Keeling 2003; Leander et al. 2003).  Furthermore, 

the apicomplexan-dinoflagellate clade has been named the Myzozoa (Cavalier-

Smith and Chao 2004).  Recently, Chromera velia, a phototrophic organism more 

closely related to apicomplexans was discovered (Moore et al. 2008). 

With the advent of molecular ecology, it was discovered that there is a 

large diversity of organisms that fit into two groups which branch early in the 

dinoflagellate lineage (Groisillier et al. 2006).  Because they were initially 

uncharacterized morphologically, the lineages were arbitrarily named ‘group I’ 

and ‘group II’ alveolates.  The group I alveolate sequences remained of unknown 
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morphological affinity for some time, but it has recently been shown that 

Dubosquella, an organism that parasitizes tintinnid ciliates (Coats 1988) as well 

as other ciliates and dinoflagellates (Cachon 1964) and Ichthyodinium an 

endoparasite of fish eggs, fall within the group I alveolates (Harada et al. 2007; 

Skovgaard et al. 2009).  The group II alveolates appear to be roughly 

synonymous with the Syndinids and include the genera Syndinium, 

Hematodinium, and Amoebophrya (Cachon and Cachon 1987; Skovgaard et al. 

2005). 

The Syndiniales are parasites believed to have diverged early from the 

dinoflagellate lineage (Cachon and Cachon 1987; Skovgaard et al. 2005).  

Syndinium is a parasite of radiolarians (Ris and Kubai, 1974) as well as copepod 

and amphipod crustaceans (Manier et al. 1971; Skovgaard et al. 2005; Soyer 

1974).  These crustaceans are of economic importance because they are a food 

source for many fish (Day et al. 1989).  Another genus, Hematodinium, is a 

parasite of decapod crustaceans.,  Many decapods are commercially important 

as a human food source (Stentiford and Shields 2005).  Lastly, Amobeophrya 

parasitizes a variety of protists, including other dinoflagellates (Cachon and 

Cachon, 1987).  Amoebophrya is of particular interest because it infects bloom-

forming dinoflagellates, some of which are toxic.  Amoebophrya has been shown 

to have a significant impact on some dinoflagellate populations (Coats et al., 

1996; Coats and Bockstahler 1994; Kim et al. 2004; Maranda, 2001; Taylor 

1968) sometimes greater than microzooplankton (Montagnes et al. 2008).  The 

genus has a complex life cycle that includes both an intracellular and 
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extracellular phase.  After finding and entering a host, the parasite starts to grow 

either within the host cytoplasm (Coats and Park, 2002) or the host nucleus 

(Coats and Bockstahler 1994) depending on the host and parasite strain; the 

Amoebophrya trophont undergoes repeated rounds of mitosis, eventually 

(roughly 2-3 days after infection in cultured material) forming a syncytium that 

almost completely fills the host.  The syncytium then inverts itself as it exits the 

host to form a short-lived, multinucleate vermiform, which in turn separates into 

many individual infective dinospores (Cachon and Cachon 1987). 

There has been some significant ultrastructural work done on the 

development of group II alveolates.  The development of Syndinium spp. within 

both copepod and radiolarian hosts with emphasis on cell division was studied in 

detail in the 1970’s (Manier 1971; Ris and Kubai 1974; Soyer 1974).  The life-

cycle of Hematodinium sp. within in vitro cultures has been carefully documented 

(Appleton and Vickerman 1998). Several important studies of the later stages of 

Amoebophrya spp. within its hosts are on record (Cachon and Cachon 1969; 

Cachon and Cachon, 1970; Fritz and Nass 1992; Maranda, 2001).  However, I 

am unfamiliar with any detailed study of the morphology of free-swimming 

Amoebophrya dinospores or early events in the infection process using TEM.   

One group of early diverging endoparasitic dinoflagellates, the perkinsids, 

has been shown to have apical complex-like organelles (Brugerolle 2002; Noren 

et al. 1999; Perkins 1976).   The presence of similar structures in Amoebophrya 

would be of interest, both because it would clarify the relationship between 

apicomplexans and dinoflagellates, and because it would help elucidate the 
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evolution of the apical complex organelles used to such devastating effect by 

organisms such as Plasmodium spp. The availability of cultures of Amoebophrya 

ceratii with the host Akashiwo sanguinea made it possible to collect 

ultrastructural data describing the Amoebophrya dinospore and early events in 

the infection cycle such as the penetration of the host pellicle.  In addition, the 

use of cultured material has allowed us to better define time points at which 

ultrastructural characteristics appear.  
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Methods 

Organism handling  

Akashiwo sanguinea from Chesapeake Bay were grown in 15 f/2-Si with 

soil extract at 20oC, with cool-white fluorescent illumination 75 µmol photons/m2/s 

on a 15:9 light:dark cycle.  Aliquots of Amoebophrya culture were transferred into 

fresh host three times a week.  Amoebophrya dinospores were purified from 

whole cultures by gravity filtration using 47 mm Whatman Nuclepore track-etched 

polycarbonate membranes with 8 µm pores (Coats and Park 2002) (GE 

Healthcare).  

Binding location  

Amoebophrya dinospores were incubated with A. sanguinea for 5 minutes 

at a time. Cells were fixed with formalin buffered with CaCO3 at a final formalin 

concentration of 2% and visualized via autofluorescence (Coats and Bockstahler 

1994).  Amoebophrya dinospores bound to regions of the surface of A. 

sanguinea (episome, hyposome, girdle, sulcus) were enumerated from 

microscope slides with coverslips (#1.5) using a Zeiss Axioskop with a band pass 

450-490 nm excitation filter, 510 nm dichroic mirror, and a long pass 520 nm 

emission filter at 400X magnification (Carl Zeiss, Inc., NY, USA).  Areas of A. 

sanguinea cells were estimated from 3 replicates of 30 cells each photographed 

with a Zeiss axiocam.  Areas of the episome, hyposome, girdle, and sulcus were 

measured using Zeiss axiovision.  Expected numbers of parasites bound to each 
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major region of the host surface were calculated based on the surface area of 

each region and statistical significance was tested with a chi-square done in R-

2.10.1 (Hornik 2009). 

Inhibitor Studies   

Cytochalasin D (CytD) was dissolved in DMSO at a concentration of 

1mg/ml.  The cytD and DMSO were added to cells so the final concentration of 

cytD was 1.0 µm and of DMSO 0.001% (v/v).  The final concentration of 

Amoebophrya dinospores was 10,000/ml and A. sanguinea 1000/ml.  Three 

replicates were performed, each of which consisted of three treatments:  1) host 

pretreated with cytD and parasite with DMSO, 2) host pretreated with DMSO and 

parasite with cytD, and 3) both host and parasite pretreated with DMSO.  

Pretreatments lasted 40 min and host and parasite were incubated together for 

10 min.  Formalin fixation was as above.  Parasites were visualized by 

autofluorescence, and counted on an inverted fluorescence microscope (Leitz, 

Diavert) with a 450-490 nm excitation and 520 nm emission filters at 400X.  

Those associated with each of 30 hosts were counted for each replicate of each 

treatment. Parasites attached to the outside and those fully internalized were 

tallied separately for each host.  Chi-square analysis was performed on the data 

using R-2.10.1 (Hornik 2009). 

Nocodazole was dissolved in DMSO at a concentration of 5 mg/ml.  The 

final concentrations of nocodazole and DMSO after addition to the cells were 1.0 

µm and 0.0001% (v/v) respectively. The final concentration of Amoebophrya 

dinospores was 20,000/ml and A. sanguinea 2000/ml. Treatments were the same 
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as for the cytD experiments except that nocodazole was used instead of cytD.  

Cells were fixed in formalin as described above and autofluorescent parasites 

were counted on a Zeiss Axioskop at 400X with a 419-461 nm band pass 

excitation filter, 455 dichroic mirror, and 480 long pass emission filter (Omega 

Optical, VT, USA).  For every replicate of each treatment the parasites 

associated with 20 hosts were enumerated and results analysed as for the CytD 

experiments.  

Electron Microscopy  

For all scanning electron microscopy (SEM) fixes, a 2% OsO4 15 artificial 

seawater (Instant Ocean, Aquarium Systems, OH) solution was mixed 1:1 with 

15 f/2 containing the organisms.  While in fixative, cells were pulled down on 13 

mm diameter Whatman Nuclepore track-etched polycarbonate membranes (GE 

Healthcare) with 1 µm pores within Swinney filter holders (VWR, NJ).  While in 

the Swinney holders, the cells were rinsed in progressively less saline water (10, 

5, 0) and dehydrated with an ethanol series (12%, 25%, 50%, 75%, 100%, 100%, 

100%).  Changes of rinse and ethanol were made at approximately 10 min 

intervals.  Ethanol was removed using a Denton DCP-1 critical point dryer.  

Samples were then coated with approximately 25 nm of Au:Pd in a DV-503 

Denton Vacuum.  Specimens were examined with an Amray 1820D SEM and 

digital images were collected with SEMTech (SEMTech Solutions Inc., MA, USA) 

and EDAX Genesis (EDAX, NJ, USA) software and processed using Adobe 

Photoshop, Adobe Photoshop Elements, and Adobe Illustrator (Adobe, San 

Jose, CA, USA).    
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Amoebophrya dinospores were presented with A. sanguinea for 10 min, 

12 h, 24 h, 36 h and 48 h or were kept separate prior to fixation for transmission 

electron microscopy (TEM).  For fixation after 10 min of exposure, Amoebophrya 

was mixed with A. sanguinea at a 50:1 parasite: host ratio with a final 

Amoebophrya concentration of 110,000 dinospores/ml.  For all other fixations in 

which hosts were incubated with parasite, the host: parasite ratio was 10:1 with a 

final concentration of 10,000 Amoebophrya dinospores/ml.  TEM Fixations of 

Amoebophrya dinospores and Amoebophrya incubated with A. sanguinea for 10 

min were fixed by pulling 1 part 8% glutaraldehyde 0.27 M Sodium Cacodylate 

0.027 M MgSO4 solution into a 5 ml syringe with 2 parts 4% OsO4 and injecting 

it into 5 parts dinoflagellate culture.  Fixations were started at room temperature 

for the first 10 -15 min, but were cooled to 4oC for the last 15-20 min.  Cells were 

rinsed in 0.1 M Sodium Cacodylate and 0.01 M MgSO4 three times over 30 min.  

The first rinse was started at 4oC but was allowed to warm to room temperature.  

Host-parasite co-incubations of 12, 24, 36, and 48 h were fixed in the same 

manner, with the exception that the 8% glutaraldehyde 0.27 M Sodium 

Cacodylate 0.027 M MgSO4 solution also contained 0.068 M NaCl.  These 

protists were rinsed as above but the rinse solution contained 0.05 M NaCl in 

addition to 0.1 M Sodium Cacodylate and 0.01 M MgSO4.  Cells were 

dehydrated in ethanol 25-50-75-95-100-100 over 1 h, transitioned through three 

changes of propylene oxide over 30 min before embedding in Eponate 12 (Ted 

Pella, Redding CA).  In the case of dinospores and 10 min host-parasite 

incubations, cells were placed in 50% Eponate 12 for 30 min and were then 
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allowed to sink into a 100% Eponate 12 placed in the bottom of the tubes 

overnight.  Three more changes of 100% Eponate 12 were done the following 

day before polymerizing at 60oC for 2 days.  In the case of time points 12 h or 

longer, cells went through an Eponate 12 series of 25%-50%-75% at one hour 

intervals then overnight in 75%.  Three changes of 100% were done the following 

day at two-hour intervals.  Silver to gold sections were cut on an AO ultracut 

microtome with glass knives or a Diatome diamond knife (Diatome, Hatfield, PA, 

USA).  Sections were stained with 0.2% lead citrate (Venable and Coggeshall 

1965) followed by 2% uranyl acetate.  Sections were viewed on a Zeiss EM10 

CA with an 80 kV beam.  Images were recorded on 8 cm x 10 cm negative plates 

then printed onto ILFORD MGIV Multigrade IV RC De Luxe photographic paper 

(ILFORD PHOTO HARMAN technology Ltd., Mobberley, UK).  Prints were then 

digitized with a CanoScan 8800F Scanner (Canon USA, Inc.) and processed in 

Adobe Photoshop, Adobe Photoshop elements, and Adobe Illustrator (Adobe, 

San Jose, CA, USA). 

Morphometrics 

Areas of trichocysts, electron dense bodies (not lipid bodies), and the 

Amoebophrya cytoplasm as a whole were quantified from TEMs using ImageJ.  

Morphometric measurements were made from scanned negatives on two groups 

of 39 cells each: dinospores and parasites that had been fully internalized for ten 

minutes or less.  The Shapiro-Wilk test for normality of distribution and the 

Wilcoxon-Mann-Whitney hypothesis test were done with R-2.10.1 (Hornik 2009).  
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Results 

Structure of the Dinospore  

The free swimming Amoebophrya dinospore has a large bulbous episome 

and a narrow hyposome, which varies in the extent of coiling (1A and B).  Each 

of the two flagella emerges from the base of the episome with the initial 

directions being posterior and transverse. The transverse flagellum has flagellar 

hairs (1A, B, and C) and seems to contain an accessory structure that may be a 

rudimentary striated strand (fig 2A, and B). The longitudinal flagellum is narrower 

at its distal end (1C) and is considerably shorter than the transverse flagellum.  A 

thin strand is present in the longitudinal flagellum consistent with a paraxial rod  

Figure 1.  Scanning electron microscope (SEM) images of Amoebophrya 

dinospores viewed dorsally (1A), from the right (1B), and from the left (1C) 

showing the episome (e), hyposome (h), longitudinal flagellum (lf), 

transverse flagellum (tf), and flagellar hairs (arrowhead) (bars = 1 µm).    
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 (fig 3A). The angle between the basal bodies is approximately 70o  (3C). 

Longitudinal cortical microtubules are situated in the hyposome (fig 2A, C, and 

3A).  Trichocysts are found in both the episome and hyposome, but appear to be 

more numerous in the hyposome (fig 3A and B).  Alveoli are flat (fig 2A, 3A, 4A 

and B) and are distinct from large vesicles that are frequently present directly 

under the inner amphiesmal membrane.  These contain striated strips that 

appear to be flattened, as opposed to filaments, based on numerous sections 

through the structures (fig 2A, 3B, D, 4A, B, C, and D).  The membrane of these 

vesicles appears in places to fold in on itself or to be a docking site for the 

striated structures (fig 2C and 4A).  Located primarily in the ventral anterior 

portion of the episome (fig 2C and 4D) are electron dense structures (fig 4A and 

C) with a concentric layered internal structure (fig 4D).  The nucleus is in the 

posterior portion of the episome, dorsal to the basal bodies (2A, C, and 4D).  A 

layer of condensed chromatin not separated into distinct chromosomes coats the 

periphery of the nucleus with little if any condensed chromatin appearing in the 

central region of the nucleus (fig 2A, C, 4A, B, C, and D).  Nucleoli are present in 

the nucleus in most stages of the life cycle, but could not be identified in 

dinospores.  Filamentous material is found in a pocket in the nuclear envelope 

(fig 4A).  The Golgi apparatus is located anterior-ventrally to the nucleus (2A).  A 

mitochondrion with tubular cristae is located near the basal bodies stretched 

across the episome hyposome boundary (fig 2A, 2C, 4A, B, and D). A large lipid 

droplet and sometimes several smaller ones are located anterior to the nucleus 
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in the dorsal portion of the cell (fig 2A, 4A, B, and D). 

 

Figure 2.  Transmission electron microscope (TEM) images of 

Amoebophrya dinospores.  A) Longitudinal section showing episome (e), 

hyposome (h), longitudinal microtubules of hyposome (line), lipid droplet (l), 

nucleus (n), mitochondrion (m), Golgi (g), trichocysts (big arrows long 

heads), transverse flagellum (tf), longitudinal flagellum (lf), alveoli (big 

arrows wide heads), and striated plates (arrowhead)(bar = 1 µm).  B) Basal 

disk region of transverse flagellum (same as A) showing flagellar hairs and 

auxillary structure (small arrow long arrowhead) (bar = 0.1 µm).  C) Another 
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longitudinal section showing the episome (e), hyposome (h), longitudinal 

microtubules of hyposome (line), longitudinal flagellum (lf) with basal body, 

transverse flagellum (tf) with accessory structure (small arrow long 

arrowhead) and electron dense bodies (arrows)(1 µm). 

 

Figure 3.  A) Transverse section through hyposome showing trichocysts 

(thin arrows), striated plates (arrowheads), microtubules (line), alveoli 

(arrows medium head), and longitudinal flagellum (lf) with accessory 

structure (arrow with thick head)(bar 0.25 µm).  B) Section through 

dinospore showing trichocysts (small arrows), striated plates (arrowheads), 

and a mitochondrion (m) (bar = 0.2 µm).  C) Shows angle between basal 

bodies of longitudinal (lf) and transverse flagella (tf)(bar = 0.5 µm).  D) 

Enlargement of stack of striated strips from C (bar = 0.2 µm). 
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Figure 4.  Transmission electron microscope (TEM) images of Amoebophrya 

dinospores.  A.  Nucleus (n), mitochondrion (m), lipid droplet (l), striated 

plates (arrowheads), alveoli (arrows wide heads), vesicle infoldings (small 

arrow) and electron dense bodies (arrows) (bar = 0.5 µm).  B.  Dinospore 

showing nucleus (n), mitochondrion (m), lipid droplet (l), striated plates 

(arrowheads), alveoli (arrows wide heads), and electron dense bodies 

(arrows) (bar = 0.5 µm).  C.  Shows spiraling of electron dense body (arrow), 

planar nature of striated plates (arrowheads), and nucleus (n) (bar = 0.5 
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µm).  D.  Shows layered structure of electron dense bodies (arrow), 

nucleus (n), and mitochondrion (m) (bar = 0.1 µm). 

 

 

 

Dynamics of infection  

T0: Although Amoebophrya binds to all sections of the surface of 

Akashiwo sanguinea, it is found more frequently in the girdle and sulcus while on 

the surface of its host (χ2 = 86.0, df = 3, p < 2.2x10-16) (fig 5 and 6).  When 

Amoebophrya initially adheres to the surface of A. sanguinia, it retains its flagella, 

and its flagellar hairs appear to be closely associated with the host surface (fig 

7A). Fibers somewhat thicker than the flagellar hairs sometimes emerge from the 

parasite and attach to the host surface (fig 7A and B). The area taken up by 

trichocysts is greatly reduced in parasites who had just entered Akashiwo 

sanguinea compared to dinospores, implying they may be used in attachment or 

discarded during entry (Wilcoxon-Mann-Whitney: U = 1056, p = 2.2 x10-05)(fig 8).  

The parasites lose their flagella and take on a slug-shaped appearance on the 

surface of their host prior to entering the A. sanguinea cytoplasm (fig 7B).  At this 

time, the tip at one end of the parasite can be seen closely adhered to the host 

surface.  TEM images show longitudinal microtubules around the parasite 

periphery forming a tube near the host amphiesma (fig 9A, B, and C).  However, 

pretreatment of either parasite (χ2 = 2.2, df = 3, p = 0.53) or host (χ2 = 0.36, df = 

3, p = 0.94) with nocodazole had no significant effect in either case (fig 10A) 
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Figure 6 shows Amoebophrya bound to major areas of A. sanguinea 

surface per square micrometer.  Parasite dinospores preferentially bind 

to cingulum and sulcus (χ2 = 86.0, df = 3, p < 2.2x10-16). 

Figure 5.  

Fluorescence image 

of Akashiwo 

sanguinea with three 

Amoebophrya bound 

to surface within 

girdle.  The parasite 

appears green.  The 

red is chlorophyll from 

the host plastids. 
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 implying that microtubule polymerization is not essential for host entry.  

Treatment of Amoebophrya dinospores with cytochalasin D reduced the 

proportion of host associated parasites entering the A. sanguinea cytoplasm 

relative to those parasites bound to the outside of the host (χ2 = 119.1, df = 3, p < 

2.2x10-16) while pretreatment of host did not make a significant difference (χ2 = 

3.0, df = 3, p = 0.39) implying a role of parasite microfilament polymerization in 

entry (fig 10B). While fewer parasites reached the host in the cytochalasin D 

treatments (parasite pre-treatment = 173; host pre-treatment = 155) compared to 

the DMSO control (=508), implying that cytochalasin D reduced the ability of the 

parasite to reach its host, clearly the parasites that were stuck to the host 

amphiesma and those fully internalized were able to reach their host.  Therefore 

comparing ratios of internalized parasites to total host associated parasites 

among treatments seemed like a valid way to control for the reduced host finding 

ability.  Electron dense bodies are located within the microtubule lined tube (fig 

9A, B, and C). The area occupied by electron dense bodies is reduced in early-

internalized parasites compared to dinospores, but the difference was not 

statistically significant (Wilcoxon-Mann-Whitney: U = 882.5, p = 0.11)(fig 11).  

Membranous material, which could represent either new membrane or material 

invaginated from the host, is also present within the tube near the host-parasite 

boundary (fig 9B).  The formation of new membrane prior to entering the host is 

also apparent in the double membrane bound vesicles present in a sac 
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 Figure 7. Scanning electron 

microscope (SEM) images of 

Amoebophrya on the surface of 

Akashiwo sanguinea.  A.  

Amoebophrya on the surface of A. 

sanguinea while it still retains its 

dinospore shape with an episome 

(e), hyposome (h), longitudinal 

flagellum (lf), and transverse 

flagellum (tf) with flagellar hairs 

(arrowheads) (bar = 1 µm) B.  

Amoebophrya after having taken on 

a slug shaped appearance (bar = 1 

µm). 
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Figure 8.  Shows difference in area of trichocysts in Amoebophrya 

dinospores and parasites that had been internalized for less than 10 

min Wilcoxon-Mann-Whitney: U = 1056, p = 2.2 x10-05. 
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Figure 9.  Transmission electron microscope (TEM) images of 

Amoebophrya attached to the surface of Akashiwo sanguinea.  A.  

Amoebophrya bound in girdle of A. sanguinea showing electron dense 

bodies (small arrow)(bar = 1 µm).  B.  Enlargement of A. showing the 

microtubules (arrowheads) associated with electron dense bodies (bar = 1 
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 inside the parasite and outside the parasite near the point of contact with the 

host (fig 9C and D).  Early in the entry process, Amoebophrya appears to insert a 

large number of vesicles into the A. sanguinea cytoplasm (fig 9E) prior to 

inserting its own organelles (fig 9F).  During the process of entering its host, the 

separation of host and parasite cytoplasm seems poorly defined (fig 9F). After 

penetration is complete, two membranes surround the parasite (fig 12A): a 

plasma membrane and a parasitophorous vacuole membrane.  A mitochondrion 

is prominent at one end of the parasite (fig 12A and B) and a large vacuole is 

sometimes seen at the other (fig 12B).  Many small vesicles are located near the 

mitochondrial end of the parasite within the parasite cytoplasm (12A).  As seen in 

the dinospore, condensed chromatin still coats the periphery of the nucleus.  

Internalized parasites were significantly smaller than dinospores (Wilcoxon-

Mann-Whitney: U = 1120.5, p = 1.6 x 10-04)(fig 13).  A structure that appears to 

be a tube composed of microtubules containing electron dense bodies is 

µm).  C.  Host associated Amoebophrya with multimembrane bound 

vesicles (mbv) and electron dense bodies associated with microtubules 

(bar = 1 µm).  D.  Another Amoebophrya showing multimembrane bound 

vesicles and a mitochondrion (m) as it sticks to A. sanguinea (bar = 1 

µm).  E.  Amoebophrya with lipid droplet (l) initially inserting vesicles as it 

enters A. sanguinea (bar = 1 µm).  F.  Amoebophrya moving organelles 

such as a trichocyst (t) and mitochondrion into the cytoplasm of its host 

(bar = 1 µm). 
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sometimes seen at one end of the parasite (fig 12C and D), particularly in 

parasites near the host nucleus.   

 

 

 

 

Figure 10. Effects on 

penetration of host 

pellicle by 

Amoebophrya of A) 

Nocodazole 

pretreatment of A. 

sanguinea (χ2 = 

0.36, df = 3, p = 

0.94) or 

Amoebophrya (χ2 = 

2.2, df = 3, p-value = 

0.53) and B) 

Cytochalasin D 

pretreatment of A. 

sanguinea (χ2 = 3.0, 

A 

B 
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Figure 11. Shows difference in area of electron dense bodies in 

Amoebophrya dinospores and parasites that had been internalized for 

less than 10 min (Wilcoxon-Mann-Whitney: U = 882.5, p = 0.11). 

 

df = 3, p = 0.39) or Amoebophrya (χ2 = 119.1, df = 3, p < 2.2x10-16). 

Control was DMSO in both experiments.  Expressed as proportion 

of internalized parasites per host associated parasite (parasites 

stuck to the outside and those fully internalized).     
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Figure 12.  Transmission electron microscope (TEM) images of 

Amoebophrya within the cytoplasm of Akashiwo sanguinea during the first 10 

minutes of infection prior to entering the host nucleus.  A.  Showing two 

membranes separating parasite from host (arrowheads), mitochondrion (m), 

small vesicles near the mitochondrion (large black arrow), nucleus (n), and 

nuclear envelope fibers (*) within the a nuclear envelope pocket (bar = 1 µm).  
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B.  Showing vacuole (v), nucleus (n), mitochondrion (m), electron 

dense bodies (e) (bar = 1 µm).  C.  Showing nucleus (n), nuclear 

envelope fibers (*), electron dense bodies (e), electron dense body 

transport apparatus (white arrows) and host nucleus (hn) (bar = 1 µm).  

D. Showing nucleus (n), nuclear envelope fibers (*), electron dense 

bodies (e), and electron dense body transport apparatus (small white 

arrows) (bar = 1 µm).     

 

Figure 13. Shows difference in area of parasite cytoplasm in Amoebophrya 

dinospores and parasites that had been internalized for less than 10 min 

(Wilcoxon-Mann-Whitney: U = 1120.5, p = 1.6 x 10-4). 



 48 

 

T12: At 12 hours, Amoebophrya is in the nucleus of A. sanguinea (fig 14A), 

where the host-parasite boundary appears to be composed of three layers (fig 

14C) and in some cases is exceptionally electron dense, as in fig 14A.  In this 

case the parasite appears to be either endocytosing host nucleoplasm or 

exocytosing electron dense material.  A vacuole that frequently appears to be 

empty and associated with fibers is present in the trophont (fig 14B).  

Mitochondria are present at this stage but are not prominent (Fig 14B).   A 

nucleolus is prominent (fig 14A) and the cytoplasm appears highly granular  (fig 

14A, B, and C) implying the presence of large numbers of ribosomes. 
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Figure 14.  Transmission electron microscope (TEM) images of 12 hour 

Amoebophrya trophonts.  A.  Shows nucleus (n), nucleolus (*), and electron 

dense indentation in trophont surface (ei) (bar = 1 µm).  B. Showing nucleus 

(n), vacuole (v), vacuole fibers (arrowheads), mitochondria (m) (bar = 1 µm).  

C.  Showing the three layers of the trophont boundary (arrows), 

Amoebophrya cytoplasm (a), host nucleoplasm (h) (bar = 0.1 µm).  
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T24: After 24 hours of incubation, parasite and host appeared the same as 

they had after 12 hours, except that the parasite was larger.  One striking 

observation was that multiple parasites can be present in the host nucleus at this 

point, and they appear to interact, or at least to adhere to each other. The 

parasite also has a large empty vacuole and a few small mitochondria (fig 15A).  

They also have prominent nucleoli, but chromosomes sometimes appear to be 

largely decondensed (fig 15A), or else tightly condensed and closely associated 

with the nuclear envelope (fig 15B).  Centrioles are located near the envelope of 

the parasite nucleus (fig 15C). 

Figure 15.  Transmission electron microscope (TEM) images of 24 hour 

Amoebophrya trophonts within the nucleus of Akashiwo sanguinea.  A.  

Shows multiple Amoebophrya in a single A. sanguinea nucleus (bar = 5 µm).  

Trophont showing nucleus (n), mitochondria (m with arrows), and vacuole (v) 
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T36: At 36 hours, the Amoebophrya trophont has become quite large, filling 

much of the host nucleus, although substantial Akashiwo sanguinea nucleoplasm 

remains. The host cytoplasm still contains a large number of plastids and lipid 

droplets (not shown).  The cytoplasm of Amoebophrya remains rich with ER and 

small vesicles (fig 16A, B, and C).  The multiple Amoebophrya nuclei have an 

irregular shape with prominent nucleoli but distinct chromosomes are absent in 

some trophonts.  Trichocysts and striated plates have not been noted at this 

stage, but assembly of the mastigocoel has begun within the Amoebophrya 

cytoplasm as a narrow space associated with vesicles and basal bodies, but 

without flagella (fig 16C). There is a funnel lined by microtubules possibly a kind 

of cytopharynx (fig 16B).  Near this funnel are large vesicles, which sometimes 

contain structures resembling host chromosomes.  These vesicles are probably 

food vacuoles (fig 16A and B).  

(bar = 1µm).  C.  Trophont showing nucleolus (*), condensed 

chromosomes (arrow), and centrioles (arrowhead) (bar = 1µm). 
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T48: By 48 hours, Amoebophrya has largely consumed the Akashiwo 

sanguinea nucleoplasm and the host cytoplasm has been reduced to a narrow 

band around the parasite (fig 17A and B).  Amoebophrya has taken on its 

characteristic beehive appearance with an extensively developed mastigocoel 

(fig 17A and B). The amphiesma-lined mastigocoel (fig 18A and B) contains 

numerous flagella at this stage (fig 17A, B and 18B). The flagella are arranged in 

rows (fig 18B) and the basal bodies show signs of being paired, have cartwheel 

regions (fig. 18B), and appear to be connected by a fiber at this stage (fig 18C).  

Multiple nuclei are present within a continuous cytoplasm and are located near  

c 

Figure 16.  Transmission electron microscope (TEM) images of 36 hour 

Amoebophrya trophonts.  A. nuclei (n), nucleoli (*), food vacuoles (f), and 

mastigocoel, (short arrows) (bar = 5µm).  C. (bar = 1µm).  B.  Cytopharynx 

(c), microtubules (arrowheads), nuclei (n), nucleoli (*), food vacuoles (f), and 

mastigocoel (short arrows) (bar = 5µm). C.  mastigocoel (short arrows), 

nucleus (n), basal bodies (long arrows) (bar = 1µm).  
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the mastigocoel (fig 17A and B). Some trophonts at this stage have largely 

decondensed chromatin (fig 17B) while others contain large quantities of 

heterochromatin (fig 17A).  Within individual trophonts the level of chromatin 

condensation appears uniform between different nuclei.  Golgi bodies, when 

visible, are frequently paired with nuclei (fig 19A) while mitochondria are highly 

elongated at this stage and one mitochondrion may pass near several nuclei (fig 

19A).  The central posterior region of the parasite cytoplasm is usually free of 

nuclei but can contain several food vacuoles (fig 17B), sometimes associated 

with a tube of microtutules (fig 19B).  Trichocysts clustered in the Amoebophrya 

cytoplasm (fig 20A, B and C) are composed of two different portions: one has an 

overall circular shape and is composed of fibers and the other is more angular 

and striated (fig 20A, B, and C).  Striated strips are frequently seen in vesicles 

closely associated with trichocysts or near the mastigocoel (fig 20C and D). 
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Figure 17.  Transmission electron microscope (TEM) images of 48 hour 

Amoebophrya trophonts.  A.  Transverse section of trophont showing nuclei 

(arrows) and mastigocoel (m) (bar = 10µm).  B.  Longitudinal section showing 

nuclei (arrows), mastigocoel (m), and vacuole (v)(bar = 10µm). 
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Figure 18.  Transmission electron microscope (TEM) images of 48 hour 

Amoebophrya trophont.  A.  shows mastigocoel lumen (m), Amoebophrya 

cytoplasm (c), and amphiesma (arrowhead)(bar = 0.1 µm).  B.  Shows 

nucleus (n), amphiesma (arrowhead), and basal bodies including cartwheel 

regions (thick arrowhead)(bar = 1µm).  C.  Shows flagellum and basal body 

with flagellar hairs (thick arrows)(bar = 1µm). 
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Figure 19.  Transmission electron microscope (TEM) image of portions of a 

48 hour Amoebophrya trophont.  A.  Shows nucleus (n), Golgi (g), and 

mitochondrion (m) (bar = 1µm).  B.  Shows microtubular tube (mtt) and food 

vacuoles (v) (bar = 1µm).  

 



 57 

Figure 20.  A) Longitudinal sections through Amoebophrya trichocysts 

showing two sections of trichocysts (0.5 µm).  B) Transverse section of 

trichocysts showing the round distal portion and more angular proximal 

portion of the organelles (0.5 µm ).  C) Shows association of striated strips 

with trichocysts (0.5 µm).  D) Shows mastigocoel (m), striated strips 

(arrowheads) (bar = 1µm).  
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Discussion 

Finding and entering an appropriate host cell is an essential part of the life 

cycle of any intracellular parasite, but this stage has received relatively little 

attention in Amoebophrya research.  The major stages of the life cycle of 

Amoebophrya are illustrated in figure 21.  This study demonstrated that the free-

swimming dinospores have trichocysts, striated strips, and electron dense 

bodies, which later appear in a microtubule-lined tube as the parasite enters the 

host cytoplasm and then the host nucleus.  After attachment and penetration of 

the host amphiesma, the remainder of the infection process lasts somewhat 

more than two days.  As the parasite develops within the host nucleus it forms a 

mastigocoel apparently through a process of vesicle fusion.  Later, as the 

parasite takes on a beehive like appearance it grows flagella which project into 

the mastigocoel, lines the mastigocoel with alveoli, and synthesizes new 

trichocysts.  

Figure 21.  Shows highlights of life cycle of Amoebophrya.  Relative sizes of 

stages are not to scale.  A.  Dinospore with Electron dense bodies (EDB), 

Trichocyst (Trich), Striated strips (SS),  Lipid droplet (L), Nucleus (Nuc), 

Transverse flagellum (TF), Longitudinal flagellum (LF), and mitochondrion 

(Mito).  B.  Parasite in early stages of host entry showing Electron dense 

bodies (EDB), multimembrane bound vesicles (MBV) and vacuole (Vac).   C.  

Recently entered Amoebophrya cell within host cytoplasm.  D.  Parasite 

entering nucleus.  E.  36-hour trophont showing nascent mastigocoel (Mast) 
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and cytostome (CS).  F.  48-hour beehive stage showing fully developed 

mastigocoel.  G.  Vermiform after leaving host.  Vermiform redrawn from 

Cachon and Cachon 1987. 
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Attachment and Entry 

Amoebophrya can attach to and enter A. sanguinea within 10 minutes of 

exposure.  This parasite preferentially binds in the girdle or sulcus of its host or 

moves to these locations after binding.  While it is clear from electon micrographs 

that Amoebophrya can enter its host from locations on the host surface other 

than the girdle or sulcus, these regions may have more recognizable surface 

moieties or may be easier to penetrate.  While attached to the outside of its host, 

Amoebophrya forms a tube lined by microtubules encasing a series of electron 

dense bodies, apparently being transported along the microtubules. However, 

nocodazole did not inhibit entry, which implies that microtubule polymerization is 

not required for entry.  This does not rule out a role for pre-existing microtubules.  

In contrast, cytochalasin D does impair entry, which implies a role for 

microfilament polymerization.  This process has similarities to myzocytotic 

feeding through a peduncle by dinoflagellates.  The dinoflagellate peduncle is a 

retractable tube lined by microtubules (Schnepf et al. 1985), which is sometimes 

associated with electon opaque vesicles (Calado et al. 1998; Ucko et al. 1997).  

Cytochalasins have been shown to inhibit aspects of myzocytotic feeding (Ucko 

et al. 1997; Calado et al. 1998). While Amoebophrya does not seem to have a 

retractable set of microtubules, its hyposome is a microtubule-lined tube.  It could 

be using these microtubules in the entry process similar to the way Amphidinium 

cryophilum forms a feeding tube at the bottom of its hypsome (Wilcox and 

Wedemayer 1991).  Thus there may be some evolutionary relationship between 



 61 

the hypsome and the feeding tube; perhaps one started as a duplicate of the 

other.  Amoebophrya does not ingest significant portions of host material until 

after entry. 

Amoebophrya host cell entry also has important similarities to host cell 

entry by apicomplexans.  The most obvious similarity is that cytochalasin D 

inhibited host cell entry by Amoebophrya.  This indicates that Amoebophrya uses 

a microfilament-based motility system when entering a host cell, as is the case in 

apicomplexans (Dobrowolski and Sibley 1996; Miller et al. 1979; Ryning and 

Remington 1978; Wetzel et al., 2005).  Although Amoebophrya dinospores do 

not have an obvious apical complex, structural evidence after binding implies that 

their electron dense bodies have functional similarities to apicomplexan rhoptries.  

The way that electron dense bodies were lined up along microtubules in attached 

parasites implies that the electron dense bodies are used early in the infection 

process but after adhesion.  In apicomplexans, rhoptry contents are released 

after attachment during penetration (Carruthers and Sibley 1997; Dubremetz et 

al. 1998).  Furthermore, it is possible that the electron dense structures, which 

appear to be composed of concentric layers in Amoebophrya dinospores, may 

give rise to the multi-membrane bound vesicles seen at the host-parasite 

boundary and the large number of vesicles within the host cytoplasm at the site 

of attachment.  It has also been suggested that apicomplexan rhoptries are 

multivesicular bodies (Ngo et al. 2004).  While inside the host cytoplasm, but 

prior to entering the nucleus, Amoebophyra is separated from the host by two 

membranes: their plasma membrane and a vacuole membrane.  Similarly 
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apicomplexans introduce vesicles into their host that are rhoptry-derived and are 

used to form the parasitophorous vacuole membrane which protects their plasma 

membrane from host cell cytoplasm (Hakansson et al. 2001; Miller et al. 1979).   

While structural evidence implies that the electron dense bodies are used 

in host cell entry and that there appear to be more electron dense bodies in free 

swimming dinospores compared to recently internalized parasites, my statistical 

analysis was not significant and this hypothesis is not supported at this time.  

This parasite does enter the host nucleus and again has electron dense bodies 

lined up along microtubules when it is in position to penetrate the nuclear 

envelope.  Amoebophrya may keep leftover electron dense bodies after it has 

entered its host because it needs them to enter the nucleus.   The parasite is 

significantly smaller immediately after entering its host compared to the 

dinospore indicating that it either uses or sheds cytoplasm that it no longer needs 

during the entry process. 

Membrane Dynamics 

As is typical of alveolates, the Amoebophrya dinospore has a pellicle 

composed of three membranes.  Immediately after entering the host prior to 

reaching the nucleus, the parasite appears not to have alveoli, but instead to be 

surrounded by just two membranes: a plasma membrane and a membrane that 

seems to correspond to the parasitophorous vacuole seen in apicomplexans.  

This implies that the alveoli are lost, and possibly used, during the entry process. 

During its intranuclear phase, the membrane partition between Amoebophrya 

and Akashiwo sanguinea is composed of three layers very close together as 
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reported previously (Fritz and Nass 1992).  It has been reported that the 

mastigocoel is formed by an outgrowth of the hyposome and that the mastigocoel 

is open in Amoebophrya sticholonchae, a parasite of the radiolarian Sticholonche 

zanclea (Cachon and Cachon 1987). At 48 hours, trophonts have an extensively 

developed mastigocoel with alveoli and numerous flagella.  I interpret the narrow 

membrane lined spaces associated with basal bodies in 36 hour trophonts as a 

nascent mastigocoel.  Because this structure is frequently seen associated with 

vesicles and I did not observe an open mastigocoel, this study indicates that the 

mastigocoel may form as a fully internal structure resulting from vesicle fusion in 

the strain of Amoebophrya that infects Akashiwo sanguinea.  Other vesicles may 

not fuse with the mastigocoel but instead form the alveoli that line the 

mastigocoel in 48 hour trophonts.  

Nuclear structure 

Most dinoflagellates have permanently condensed chromosomes (Bhaud 

et al. 2000; Rizzo 2003).  However, some organisms that diverge early from the 

dinoflagellate lineage do not.   Among the organisms thought to be early 

diverging dinoflagellates, the free-swimming heterotroph, Oxyrrhis marina, has 

permanently condensed chromosomes (Dodge and Crawford 1971).  Noctiluca 

miliaris (=Noctiluca scintillans), another free-swimming heterotroph, has a 

nucleus resembling that of most eukaryotes as a trophont but the chromosomes 

become condensed during the formation of gametes (Soyer 1970; Soyer, 1972).  

The syndinid parasites appear lack permanently condensed chromosomes.  

Syndinium usually appears to have some condensed chromatin, (Manier et al. 
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1971; Ris and Kubai 1974; Soyer 1974) but Soyer points out that the condensed 

chromatin during interphase does not correspond to chromosomes because the 

number of condensed units does not correspond to the number of chromosomes.  

Similarly, Hematodinium appears to have highly variable numbers of condensed 

chromatin units (Appleton and Vickerman 1998). Ichthyodinium is a group I 

alveolate which infects the yolk sacs of fish (Skovgaard et al. 2009).  An 

organism probably in the genus Ichthyodinium has its chromatin condensed 

around the periphery of its nucleus at a late stage during its infection of cod larval 

yolk sacs (Pedersen et al. 1993). Perkinsid parasites such as Perkinsus marinus 

(=Dermocystidium marinum) (Perkins 1976; Perkins 1996), Rastriomonas subtilis 

(=Cryptophagus subtilis) (Brugerolle, 2002; Brugerolle, 2003) and Parvilucifera 

prorocentri (Leander and Hoppenrath, 2008) have zoospores with condensed 

chromatin, which depending on species, may or may not appear as distinct units.  

The trophonts of Syndinium (Manier et al. 1971; Soyer 1974) P. prorocentri 

(Leander and Hoppenrath, 2008), and R. subtilis (Brugerolle, 2002; Brugerolle, 

2003) sometimes have decondensed chromatin. 

The degree of chromatin condensation appears to vary greatly during the 

life cycle of Amoebophrya.  The Amoebophrya dinospore has large amounts of 

chromatin condensed around the periphery of its nucleus and seems to lack a 

nucleolus.  The condensed chromatin does not appear to be divided into distinct 

chromosomes, but instead resembles the heterochromatin of most eukaryotic 

cells.  Dinospores are not known to divide, and presumably have no need to 

synthesize DNA; transcription and translation may also be minimal.  The degree 
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of condensation is highly variable from 12 to 48 hours and a nucleolus is 

prominent until 48 hours, which is consistent with the trophont growing and 

undergoing multiple rounds of mitosis thus requiring transcription, translation, 

and DNA synthesis.  Trophonts usually have some level of chromatin 

condensation although usually less than that of the dinospores.  Some trophonts 

were seen with no apparent condensed chromatin, however.  The condensed 

chromatin is separated into distinct bundles at this stage. These may or may not 

be chromosomes given the non-correspondence of chromatin bundles with 

chromosomes in Syndinium (Soyer 1974) and Hematodinium (Appleton and 

Vickerman 1998). Despite the variability among trophonts, multiple nuclei within 

individual trophonts display similar levels of condensation implying a synchrony 

of nuclear processes.  At 36 hours a nucleolus is still present, implying the 

trophont is still manufacturing ribosomes used in the synthesis of proteins 

important to dinospores (e.g., flagellar and trichocyst proteins).  Some 48 hour 

trophonts again have large amounts of condensed chromatin lacking distinct 

chromosomes and some appear to lack nucleoli as is the case in dinospores.  

The presence of flagella and trichocysts and the lack of nucleoli implies there 

may be little need for additional protein synthesis at this point.  These 48 hour 

trophonts may be preparing to sporulate.   Aside from the nucleolus seen in P. 

prorocentri dinospores (Leander and Hoppenrath 2008), the nucleus of 

Amoebophrya strongly resembles that of other early diverging parasitic 

dinoflagellates.  These parasites have highly condensed chromatin as zoospores 

but decondense their nuclear material during the intracellular part of their life 
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cycle indicating their chromatin is more like that of most eukaryotes.  This 

suggests an evolutionary origin of permanently condensed chromosomes.  The 

high level of chromatin condensation allows the parasite zoospores to be more 

compact as it looks for a new host.  Perhaps dinoflagellates evolved from a 

parasitic ancestor, but most have lost the host associated stage of the life cycle 

while keeping and further modifying the highly condensed chromatin of the 

zoospore. 

One of the more surprising things about the nucleus of Amoebophyra is 

that I did not observe a nucleus undergoing mitosis despite seeing many 

trophonts with multiple nuclei.  This is similar to the case in Perkinsus marinus in 

which extensive efforts have been made to find mitotic P. marinus, yet mitosis 

has never been observed in this species.  It has been suggested that this failure 

to observe mitosis in P. marinus is due to an extremely rapid mitosis in this 

species (Perkins 1969; Sunila et al. 2001).  Perhaps the same is true of 

Amoebophrya. 

Nutrition and Energy Transducing Organelles 

Although it is obviously a parasite, the details of Amoebophrya’s mode of 

nutrition and energy metabolism remain poorly understood.  In 12 and 24 hour 

trophonts, electron dense invaginations of the parasite plasma membrane and 

empty vacuoles were present.  In 36 and 48 hour trophonts, similar vacuoles 

contained material that appeared to be fragments of host chromosomes, implying 

that they are food vacuoles.  The putative food vacuoles in 36 and 48 hour 

trophonts can sometimes be seen to be associated with a cone or tube of 
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microtubules that I tentatively interpret as a cytopharynx.  Cachon (1964) used 

light microscopy to observe a fibrous channel through which material was being 

transported in Amoebophrya ceratii from Gyrodinium sp.  Small round 

eosinophilic bodies were associated with this channel and Cachon referred to it 

as a cytopharynx.  These findings are consistent with our own observations.  

While intracellular parasites are sometimes assumed be osmotrophic, there are 

other examples of intracellular parasites ingesting food by endocytosis.  

Plasmodium falciparum ring stages are actually folding over to take a “big gulp” 

of erythrocyte cytoplasm and later trophonts feed endocytically using a structure 

termed a cytostome.  The Plasmodium cytostome appears as an electron dense 

indentation in the Plasmodium membrane similar to the electron dense 

indentations I observed in 12 and 24 hour Amoebophrya trophonts.  Late stage 

P. falciparum trophonts and schizonts were observed again taking up large 

volumes of red blood cell cytoplasm by phagocytosis (Elliott et al. 2008).  These 

large-scale phagocytic events are similar to the observation by Cachon (1964) 

that as vermiforms leave their host, they engulf a last large volume of host 

cytoplasm.  Future studies could address these issues more thoroughly using 

modern fluorescent dyes and confocal microscopy. 

The prominence of mitochondria in Amoebophrya cells varies greatly 

during the lifecycle, apparently as a function of food source.  Mitochondria are 

easily observed in dinospores because they occupy a large portion of the 

cytoplasm.  In 12, 24, and 36 hour trophonts they appear much smaller in relation 

to the cytoplasm, but by 48 hours they are highly elongated, stretching past 
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multiple nuclei.  A similar pattern is seen in some apicomplexans.  Plasmodium 

falciparum trophonts, which live in erythrocytes, frequently have mitochondria 

with few if any cristae but the gametocytes, which live in Anopheles mosquitoes, 

have multiple mitochondria containing more cristae (Learngaramkul et al. 1990).   

This parallels the reduction in size of mitochondria in the intracellular trophont 

stages of Amoebophrya compared to the dinospore. Within the human 

erythrocyte, Plasmodium lives in a glucose rich environment and gets most of its 

ATP through glycolysis (Seeber et al. 2008; van Dooren et al. 2006), but during 

the blood borne stages, which include merozoites, trophonts, and schizonts, 

starvation up-regulates mitochondrial targeted gene expression (Hall et al. 2005) 

and the sexual stages, which live in Anopheles mosquitoes, show greater 

electron transport activity (Learngaramkul et al. 1990).  This implies that it may 

be using some form of oxidative phosophorylation, although its genome appears 

to lack several subunits of the mitochondrial ATP synthase (Gardner et al. 2002).  

From this I predict that Amoebophrya may use primarily glycolysis during the 

intracellular trophont stage, but that oxidative phosphorylation may play an 

important role in the dinospore.  The schizonts of Plasmodium as well as 

Toxoplasma have highly elongated branching mitochondria with a branch 

associated with each nucleus prior to cytokinesis assuring that each merozoite 

receives a mitonchondrion (Mather and Vaidya 2008; Nishi et al. 2008).  

Similarly, the elongated mitochondria in 48 hour Amoebophrya trophonts may 

serve as a mechanism for distributing mitochondria to dinospores.  
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Trichocysts 

Dinoflagellate trichocysts are composed of two portions: the proximal 

region is square in cross-section with a mesh or plate-like internal structure, and 

the distal portion is roundish in cross-section and composed of fibers.  This is 

true of typical dinoflagellates such as Gonyaulax polyedra (=Lingulodinium 

polyedrum) (Bouck and Sweeney, 1966) as well as more basal members of the 

group such as Oxyrrhis marina (Dodge and Crawford 1971), Noctiluca miliaris 

(Sweeney 1978), and Parvilucifera prorocentri (Leander and Hoppenrath 2008).  

Dinoflagellate trichocysts usually develop in vesicles near groups of Golgi.  

Although layered in appearance, trichocyst primordia at times lack the sharp 

angular outline of the mature trichocysts (Bouck and Sweeney, 1966).  The 

trichocysts of Amoebophrya appear to be similar to those typical of 

dinoflagellates in that they are composed of two structurally distinct regions.  In 

48 hour trophonts, a square cross-section was observed consistent with the 

proximal portion of trichocyst.  Round cross-sections with subtle fibers around the 

periphery consistent with the distal portion of the trichocyst were also observed.  

Trichocyst primordia, round in cross-section but with a layered appearance, were 

present as well, indicating that Amoebophrya trichocysts and their synthesis are 

the same as for other dinoflagellates.  Amoebophrya dinospores have 

significantly more trichocysts than the recently internalized parasites implying 

that if they are not used for attachment, they are shed during entry.  Trichocysts 

then appear again in late trophonts after new ones have been synthesized. 
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Striated strips, which are usually found in vesicles near the periphery of 

dinospores, are also found in clusters of trichocysts in 48 hour trophonts 

suggesting these structures may be related.  It could be that after Amoebophrya 

constructs trichocysts in the same manner as other dinoflagellates, it partially 

disassembles them into strips.  This would be useful to dinospores in at least two 

ways: 1) The flat strips may be packed more efficiently allowing the small 

dinospore cell to carry more trichocysts than it could otherwise; 2) This reserve of 

partially disassembled trichocysts would also prevent the parasite from using all 

of its trichocysts at one time.  Both of these factors would allow the dinospore 

additional opportunities to infect a host successfully. 

Flagella 

Dinoflagellates typically have two flagella: a longitudinal flagellum and a 

transverse flagellum.  The longitudinal flagellum narrows at its distal end and 

contains a thin additional structure called a paraxial rod (Leadbeater and Dodge 

1967).  The typical dinoflagellate transvese flagellum has flagellar hairs and a 

striated strand (Leadbeater and Dodge 1967).  Early diverging dinoflagellates 

vary from this pattern. Noctiluca miliaris (= Noctiluca scintillans Macartney) 

gametes have two flagella: the one considered the longitudinal flagellum has a 

paraxial rod, but the short transverse flagellum lacks a striated strand (Hohfeld 

and Melkonian 1995; Soyer, 1970).  Oxyrrhis marina does not have a striated 

strand in its longitudinal flagellum but has a paraxial rod in both flagella.   O. 

marina has flagellar hairs over the entire length of one flagellum and at the end of 

the other flagellum with narrow distal end (Dodge and Crawford 1971).  The 
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perkinsid Parvilucifera infectans lacks a cartwheel region in both basal bodies 

and lacks some of the doublets at the end of one of its flagella (Noren et al. 

1999).  The flagella of Amoebophrya most closely resemble those of typical 

dinoflagellates.  The longitudinal flagellum narrows at its distal end and contains 

an accessory structure that I interpret as being homologous to a paraxial rod.  Its 

transverse flagellum has flagellar hairs and encircles the dinospore beginning in 

an indentation, which could be interpreted as a girdle.  It contains an accessory 

structure, which could be homologous to a striated strand, although it is much 

less obvious than the striated strand of most dinoflagellates and in that way 

seems more similar to the second paraxial rod of O. marina.  Amoebophrya does 

have a cartwheel region in its basal bodies and no flagella lacking doublets were 

observed, distinguishing it from P. infectans.  A swelling of the nuclear envelope 

of Amoebophrya sometimes contains fine fibrillar material.  Studies of other 

organisms including the dinoflagellates Hematodinium (Appleton and Vickerman, 

1998), Oxyrrhis marina (Dodge and Crawford 1971), and Woloszynskia micra 

(Leadbeater 1971), as well as other algae (Leedale et al. 1970) have indicated 

that this material is composed of flagellar hairs.   

Evolution of parasitism in Alveolata 

Phylogenetic studies have indicated that dinoflagellates and 

apicomplexans are closely related (Fast et al. 2002; Gajadhar et al. 1991; 

Wolters 1991).  Amobeophyra host cell penetration resembles both host cell 

penetration in apicomplexans and myzocytosis in dinoflagellates.  The 

longitudinal microtubules in its hyposome resemble both apicomplexan cortical 



 72 

longitudinal microtubules and dinoflagellate peduncle microtubules. The electron 

dense vesicles of Amoebophrya show similarity to apicomplexan rhoptries and 

the electron dense vesicles associated with dinoflagellate peduncles.  

Myzocytosis as well as host cell entry by apicomplexans and Amoebophrya are 

inhibited by cytochalasins.  

There are examples of parasitism spread throughout the dinoflagellate 

lineage.  Perkinsus (Leander and Keeling 2004), Syndinium, and Amoebophrya 

(Skovgaard et al 2005) diverge early but several parasitic organisms including 

Amyloodinium ocellatum (Litaker et al 1999), Blastodinium spp. (Skovgaard et al. 

2007), Paulsenella vonstoschii (Kühn and Medlin 2005), and Piscinoodinium sp. 

(Levy et al. 2007) are nested within the mostly non-parasitic dinokaryota.  

Colpodella is a myzocytotic feeder at the base of the apicomplexan lineage 

(Brugerolle 2003; Leander et al 2003; Myl’nikov 2000; Simpson and Patterson 

1996).  One obvious explanation for the similarity of entry mechanisms between 

Amoebophrya and apicomplexans would be common ancestry, but this would 

imply that the common ancestor was a parasite.  If this hypothesis were correct, 

it would be necessary to explain why Amoebophrya would retain the life style of 

an intracellular parasite and a similar mechanism of entry but lose its apical 

complex.  This might be explained if the common ancestor was a parasite with a 

complex life cycle which included a capable free-swimming stage and that the 

dinoflagellates and apicomplexans specialized in different parts of the life cycle 

thus taking different characteristics away from the common ancestor.  This model 

would imply that the common ancestor of the apicomplexan-dinoflagellate clade 
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was more Amoebophrya- or Perkinsus-like than Colpodella-like because 

Colpodella lacks a parasitic stage, although it has an apical complex.  This 

implies that the apicomplexans may be rooted among the early diverging 

dinoflagellates.  Chromera also has a life cycle that includes free-living and non-

obligate symbiotic stages which is perhaps more compatible with the above 

model, but if the last common ancestor of the apicomplexan-dinoflagellate clade 

was more Chromera-like, the dinoflagellates would be rooted among the early 

diverging apicomplexans.  In this case, Amoebophrya might have split from the 

apicomplexans prior to the apicomplexans acquiring an apical complex.  A 

second possibility to explain the similarity in entry mechanisms would be that this 

is an example of convergent evolution and that Amoebophrya evolved an 

apicomplexan-like mechanism of entry because it is an effective mechanism of 

entering a host cell.  In this case, Amoebophrya and Perkinsus might share a 

most recent common ancestor that was not parasitic.  

Conclusions 

Amoebophrya shares many characteristics with other dinoflagellates.  It 

has two flagella, both of which have accessory structures and one of which has 

flagellar hairs.  It also has an arsenal of dinoflagellate style trichocysts.   

Amoebophrya also shares several characteristics with apicomplexans.  It is an 

intracellular parasite, which uses a microfilament based motility to enter host 

cells and it has electron dense organelles that, while they are not docked at an 

apical complex, they do appear to have structural and functional similarities to 

rhoptries.  Given the wide variety of similarities and differences among early 
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diverging dinoflagellates and apicomplexans, a new hypothesis regarding the 

origins of these groups was proposed.  The common ancestor of the 

dinoflagellates and apicomplexans may have been a parasite with a complex life-

cycle that included a swimming stage similar to Perkinsus or Amoebophrya. 
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Chapter 3: Emiliania huxleyi Phylogenomics 

Abstract 

Emiliania huxleyi is a haptophyte alga.  Haptophytes are important 

members of marine phytoplankton and play vital roles in global biogeochemistry.  

Haptophytes possess red algae derived plastids, as do cryptophytes and the 

plastidic members of the heterokonts and alveolates.  This similarity resulted in 

these groups being put into the chromalveolate supergroup.  This study used the 

predicted proteins from the complete E. huxleyi genome to do a phylogenomic 

analysis.  The analysis revealed that E. huxleyi has genes associated with 

several lineages indicating that haptophytes are deeply chimeric organisms.  The 

strongest signals were from heterokonts, green algae, and red algae.   The most 

likely interpretation is the haptophytes are closely related to heterokonts and 

have received genes from the red algal endosymbiont.  The large green algal 

input is more difficult to interpret.  It could be that all or some portion of the 

chromalveolates had a green algal plastid before they had a red algal derived 

plastid or that chromalveolates are actually descended from green algae.  

However, there is a lot more genomic data available from the Viridiplantae 

(=green lineage) than from the rhodophytes (=red lineage) so it is also possible 

that the green algal signal is part of a primary plastid lineage signal and as more 

red algal genomes become available the apparent green algal signal will 

decrease to insignificance.  
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Introduction 

Haptophyte algae are among the three most abundant groups of 

eukaryotic phytoplankton in marine ecosystems, the other major lineages being 

diatoms and dinoflagellates (Falkowski et al. 2004).  Precise estimates of carbon 

fixation are difficult to obtain, but they are clearly among the most important 

primary producers in marine environments.   In addition to primary productivity, 

they can play a role in the long-term sequestration of carbon because they 

mineralize CaCO3 during the formation of coccoliths.  The biomineralization of 

CaCO3 produces CO2, but the activity of haptophytes has been shown to result in 

a net drawdown of carbon from the atmosphere as a result of their photosynthetic 

activity (van der Wal et al. 1995).  Biomineralization by these microbes is 

responsible for much of the chalk in cretaceous sediments and large geologic 

structures like the White Cliffs of Dover (Mitchell et al. 1997).  Because they are 

easily cultured, they have been used as a model organism to study the cell 

biology (Marsh 2003) and ecology (Iglesias-Rodriquez et al. 2008; Riesbesell et 

al. 2000) of CaCO3 biomineralization.  This is of particular concern at present 

because of the potential impact of rising CO2 levels and climate change on 

CaCO3 mineralizing organisms including reef-building corals.  

Haptophytes also are involved in the sulfur cycle because they release 

dimethylsulphoniopropionate (DMSP), a major component of atmospheric sulfur.  

DMSP is, in turn, converted to dimethyl sulfide (DMS), which promotes cloud 

condensation and thus leads to an increase in albedo, which has the effect of 
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reducing the warming effects of the sun (Charlson et al. 1987).   The DMS is 

oxidized to sulfuric acid, which in turn can lead to acid rain.  It has been 

hypothesized that the large numbers of haptophytes during the Cretaceous 

resulted in acid rain that lead to high levels of extinction prior to the K–T 

boundary when most remaining dinosaurs went extinct (Robinson 1995).  

The history of the systematics of haptophytes and heterokonts is perhaps 

almost as complex as the evolutionary history of these organisms.  Most 

organisms now considered haptophytes were put in the class Chrysophyceae by 

Pascher in 1914 along with organisms still considered chrysophyte heterokonts. 

Christensen (1962) first named this group the class Haptophyceae.   The class 

Chrysophyceae included organisms with a golden-brown color and one or two 

flagella, which could be of equal or unequal length.  The chrysophytes were later 

split into four groups by Bourrelly (1965).  One of these groups was the 

Isochrysophycidae, a group that overlaps greatly with the modern haptophytes.  

Hibberd (1976) formally removed the haptophytes from the Chrysophyceae, 

pointing out that true chrysophytes share more ultrastructural features with the 

Bacillariophyta (diatoms), xanthophytes and the phaeophytes (include giant kelp) 

than with the haptophytes.  The latter he placed in the class Prymnesiophyceae, 

which he equated with the Haptophyceae.  Haptophytes share a variety of 

features with heterokonts including the presence of chlorophylls a and c, plastids 

surrounded by four membranes with thylakoids in stacks of three, and storage of 

chrysolaminarin (Graham and Wilcox 2000).  The main feature that unifies the 

heterokonts and that distinguishes them from haptophytes is the presence in 
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heterokonts of tripartite mastigonemes on one flagellum (Anderson 2004).  

Bhattacharya et al. (1992) found that haptophytes fell outside the heterokonts 

based on SSU rDNA.  Later, Bhattacharya et al. (1993) using a broader taxon 

sampling and actin sequences, placed Emiliania huxleyi between animals and a 

group of amoebae including Dictyostelium discoideum.  More recently several 

studies using sequences from multiple genes have placed haptophytes as sister 

to cryptomonads (Patron et al. 2007) and put the rhizaria and the alveolates 

closer to the heterokonts (Burki et al. 2007; Hackett et al. 2007).  Furthermore, 

presence of a significant green algal signal in the genomes of heterokonts and 

haptophytes has recently been proposed (Moustafa et al. 2009).   

The diatoms as well as other heterokonts and the haptophytes were 

placed in the group Chromophyta by Cavalier-Smith (1981) largely because they 

have plastids that contain chlorophylls a and c and a stroma surrounded by four 

membranes rather than the two found in red and green algae.  The heterotrophic 

heterokonts were included because they have flagellar mastigonemes similar to 

those of flagellate plastidic heterokonts.  The cryptophytes were excluded 

because they had phycobilins and a nucleomorph associated with their plastids.  

Later, Cavalier-Smith (1999) grouped the alveolates and the cryptophytes with 

the chromists and called them chromalveolates.  This put all of the chlorophyll c 

containing organisms in one group despite most dinoflagellates having only three 

membranes around their stroma and ciliates not having plastids.   It is widely 

believed that chlorophyll c containing plastids are descended from engulfed 

rhodophytes, which became mutualistic symbionts and later organelles.  Thus, 
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these organisms should contain genes of rhodophyte origin. This is the case with 

the diatoms.  Phaeodactylum tricornutum shares at least 76 genes with green/red 

algae and 490 with the green/red lineage and the chromalveolates to the 

exclusion of other taxa.  Thalassiosira pseudonana shares at least 180 genes 

with the green/red algal lineage and 539 genes with the green/red lineage and 

the chromalveolates to the exclusion of other taxa (Bowler et al. 2008).  For 

these reasons, it is expected that Emiliania will have genes from the red/green 

lineage. 

Conventional phylogenomic methods like supermatrix and supertree 

methods average the signal from a lot of genes.  Edwards (2008) pointed out that 

these strategies are limited because they miss such phenomena as deep 

coalescence, horizontal gene transfer, and paralogy.  These techniques are 

therefore inappropriate for the study of chimeric organisms like E. huxleyi.   One 

promising approach to this problem is the concaterpillar package (Leigh et al. 

2008), which uses a likelihood-model based approach to test for phylogenetic 

combinability of data partitions.  Unfortunately, this program is computationally 

intensive and consequently difficult to apply to very large data sets.  For these 

reasons I chose to take a different approach to the analysis of discordant 

phylogenetic signals, and designed a phylogenomic pipeline that sorts individual 

gene trees based on the clades in which the study taxon (in this case E. huxleyi) 

occurs.   
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Methods 

Pipeline overview 

A pipeline was designed to find orthologous sequences, produce 

individual protein trees for each COG, count clade frequencies, sort trees 

according to what clade they support, and find concatenated trees.  Figure 1 is a 

diagram of the pipeline, which is explained in more detail below. 

Figure 1: Diagram of phylogenomic pipeline 
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Taxon sampling 

 A list of complete genomes was chosen so that each major lineage 

was represented by three or four genomes.  Additional genomes and EST 

libraries for the heterokonts, rhizaria, viridiplantae, and rhodophyta were added 

later as they were deemed particularly important based on the literature and 

preliminary analyses.  A complete list of organisms as well as data sources can 

be found in table 1. 

Finding orthologous sequences 

Predicted proteins for complete genomes were downloaded from NCBI, 

JGI, and EuPathDB. EST projects were assembled into contigs using CAP3 

(Huang and Madan 1999) then translated in all six reading frames using transeq 

from the EMBOSS suite (Rice et al. 2000).  A PERL script was written that 

serially BLASTed (Altschul et al. 1997) predicted protiens from each organism 

against those from each other organism in the database, found pairwise 

reciprocal best hits (PRBH) using the bioperl Bio::SearchIO module (Stajich et al. 

2002), and found clusters of orthologous groups (COGs) (Tatusov et al. 1997) 

from the PRBH.  COGs were found by creating three duplicate arrays of PRBH 

and finding combinations of three pairs such that each pair shared one taxon with 

each of the other two.  Because each pair could have this relationship with 

multiple combinations of other pairs, large groups of sequences were sometimes 

found.  COGS were aligned using MUSCLE (Edgar 2004).  Alignments were 

viewed in Maclade or Jalview or as text files.  
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Table 1: List of genomes used and sources. 

Organism Data Source Citation
Alexandrium_tamarense est NCBI Hackett et al. 2005
Arabidopsis_thaliana genomic NCBI The Arabidopsis Genome Initiative
Aspergillus_fumigatus genomic NCBI Nierman et al . 2005
Aureococcus_anophagefferens est NCBI Richardson et al. unpublished
Bigelowiella_natans est NCBI Keeling unpublished
Caenorhabditis_elegans genomic NCBI The C. elegans  Seq Cons 1998
Chlamydomonas_reinhardtii genomic JGI Merchant et al. 2007
Cryptosporidium_parvum genomic EuPathDB Abrahamsen et al. 2004
Cyanidioschyzon_merolae genomic NIG, Japan Matsuzaki et al. 2004
Dictyostelium_discoidium genomic NCBI Eichinger et al. 2005
Drosophila_melanogaster genomic NCBI Adams et al . 2000
Ectocarpus_siliculosus est NCBI Dittami et al . 2009
Emiliania_huxleyi genomic JGI Read et al. unpublished
Entamoeba_histolytica genomic NCBI Loftus et al. 2005
Escherichia_coli_K12_MG1655 genomic NCBI Blattner et al . 1997
Euglena_gracilis est NCBI Grey unpublished
Fucus_serratus est NCBI Peason et al . 2010
Giardia_lamblia genomic EuPathDB Morrison et al. 2007
Guillardia_theta est NCBI Lucas et al. unpublished
Guillardia_theta_nucleomorph genomic NCBI Douglas et al. 2001
Heterocapsa_triquetra est NCBI Patron et al . 2005
Homo_sapiens genomic NCBI Int Hum Genome Seq Cons 2001
Karenia_brevis est NCBI Lidie et al . 2005
Leishmania_infantum genomic NCBI Peacock et al. 2007
Oryza_sativa (japonica) genomic NCBI Goff et al . 2002
Ostreococcus_tauri genomic JGI Derelle et al. 2006
Paracercomonas_marina est NCBI Rodriquez-Ezpeleta et al. 2007
Paramecium_tetraurelia genomic ParameciumDB Aury et al. 2006
Phaeodactylum_trichornutum genomic JGI Bowler et al. 2008
Physcomitrella_patens genomic JGI Rensing et al. 2008
Phytophthora_ramorum genomic JGI Tyler et al. 2006
Phytophthora_sojae genomic JGI Tyler et al. 2006
Plasmodium_falciparum genomic EuPathDB Gardner et al. 2002
Porphyra_haitanensis est NCBI Shen et al. unpublished
Porphyra_yezoensis est NCBI Shen et al. unpublished
Reticulomyxa_filosa est NCBI Burki et al. 2006
Saccharomyces_cerevisiae genomic NCBI Goffeau et al. 1996
Schizosaccharomyces_pombe genomic NCBI Wood et al. 2002
Strongylocentrotus_purpuratus genomic NCBI Sea Urchin Gen Seq Cons 2006
Synechocystis_6803 genomic NCBI Kaneko et al. 1996
Thalassiosira_pseudonana genomic JGI Armbrust et al. 2004
Toxoplasma_gondii genomic EuPathDB Gajria et al. 2007
Trichomonas_vaginalis genomic EuPathDB Carlton et al. 2007
Trypanosoma_brucei genomic NCBI El-Sayed et al. 2005
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Because of concern about results being due to poorly aligned sequences, 

the Needleman-Wunsch algorithm was used to remove sequences with scores 

below 800 (Needleman and Wunsch 1970).  This global alignment procedure 

was used because it was assumed that COGs that had been aligned should 

represent proteins and should be alignable from end to end.  A PERL script was 

written that used needle from the EMBOSS package (Rice et al. 2000) to align 

each sequence in a COG to the Emilinia huxleyi sequence in that COG (gap 

opennig penalty 10.0; gap extension penalty 0.5).  Sequences with scores below 

800 were removed and analyses were repeated with the cleaner data.  The 

filtration cutoff of 800 was the score that kept the maximum number of 

sequences while eliminating poorly aligned sequences as determined by visual 

inspection.  Needleman-Wunsch scores were also used to count the two most 

alignable sequences to the E. huxleyi sequence within each COG. 

Phylogenetic analysis of individual alignments  

Maximum likelihood trees were found for each amino acid alignment using 

RAxML with a WAG amino acid replacement matrix (Whelan and Goldman 2001) 

and a gamma distribution was used to model substitution rate variation 

(Stamatakis 2006).  New trees were calculated in the same manner for 

alignments that had had sequences with Needleman-Wunsch scores below 800 

removed.  RAxML did 100 bootstrap trees for each individual alignment using its 

rapid bootstrapping method.  Resulting trees were viewed with fig tree.  A PERL 

script was written that extracts and counts all bipartitions from each tree 
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containing the exact same taxa.  Bipartitions with exactly the same taxa content 

were initially counted by a PERL script that split each tree at each parenthesis 

going one direction creating a list of all possible splits then for each fragment all 

possible splits were made based on parentheses going the other way.  The 

fragments with balanced left and right parentheses were then colleted as 

bipartitions and those with exactly the same taxa were counted. The bipartitions 

found by the script for individual trees were compared manually to corresponding 

trees to confirm the script was correctly identifying bipartitions.  Tree specific files 

containing lists of bipartitions were used to search for and count bipartitions that 

represent subsets of the organisms in a lineage using another PERL script I 

wrote.  

Concatenated alignments 

A PERL script was written that concatenated protein alignments by 

progressively adding sequences from individual protein alignments for each 

organism.  If an organism lacked a particular protein sequence, gap characters 

were inserted to maintain the alignment.  Paralogous sequences were removed 

to maintain the alignment.  Organisms that did not contribute and sequence to a 

concatenated alignment were removed.   

Best trees for most concatenated alignments were found with RAxML 

rapid bootstrapping (f –a option)(Stamatakis 2006).  All analyses were run with 

the JTT (Jones et al. 1992) matrix and most were also run with the WAG matrix 

(Whelan and Goldman 2001).  A gamma distribution was used to model the 

substitution rates.  In the two largest concatenated analyses, those linking 
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Emiliania huxleyi to the heterokonts and then separately to the green lineage, the 

analyses did not finish and no best trees were found.  In these two cases, the f –

b option was used to find the best trees.  Ten replicate trees were calculated in 

each case and two trees from each analysis that seemed representative of the 

other trees were chosen.  Because the bootstrap files in these two cases did not 

contain 100 bootstrap trees, two corresponding bootstrap files from separate 

incomplete runs for each of these two analyses were combined.  The total 

number of bootstrap replicates used for each analysis is shown in table 2.  A 

PERL script was written to extract numberical bootstrap values from the 

bootstrap files from the incomplete f –a runs.  Extended majority rule consensus 

trees were found using consense from the Phylip suite (Felsenstein 1989).  The 

bootstrap values from the consensus trees and the counts from the PERL script 

were compared and were found to be very similar although the best trees from 

the RAxML f –b runs did not have exactly the same topologies as the consensus 

trees so there was not an exact correspondence.  The best tree from each f –b 

run with the highest average bootstrap values was used as the best tree.  

Bootstrap values were manually applied to each of the two best trees produced 

with the f –b option in Adobe Photoshop Elements (Adobe Systems 

Incorporated).  
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Table 2:  Number of proteins, amino acid residues, taxa, and bootstrap 

replicates used in concatenated analyses. 

Required bipartition proteins amino acids taxa bootstraps

E.huxleyi heterokont 305 294567 41 166

E.huxleyi heterokont reduced 268427 41

E.huxleyi heterokont 800 115 127621 37 105

E.huxleyi heterokont 800 reduced 108320 37

E.huxleyi greens 180 212322 38 192

E.huxleyi greens reduced 201703 38

E.huxleyi greens 800 87 118374 37 105

E.huxleyi greens 800 reduced 104150 37

E.huxleyi reds 46 47122 38 105

E.huxleyi reds reduced 44684 38

E.huxleyi reds 800 29 36321 36 105

E.huxleyi reds 800 reduced 31025 36

Alveolates heterokonts 55 64459 36 105

Alveolates heterokonts reduced 41178 36

Alveolates heterokonts 800 44 64459 37 105

Alveolates heterokonts 800 reduced 47812 37

E.huxleyi cryptomonad 4 2691 31 105

E.huxleyi cryptomonad reduced 2533 31

E.huxleyi cryptomonad 800 1 1245 29 105

E.huxleyi cryptomonad 800 reduced 1244 29

E.huxleyi heterokonts greens 67 66121 37 105

E.huxleyi heterokonts greens reduced 63115 37

E.huxleyi heterokonts greens 800 19 30783 36 105

E.huxleyi heterokonts greens 800 reduced 30183 36

E.huxleyi heterokonts reds 52 49452 36 105

E.huxleyi heterokonts reds reduced 46478 36

E.huxleyi heterokonts reds 800 14 14531 31 105

E.huxleyi heterokonts reds 800 reduced 13263 31
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To find out if the results for each concatenated tree were repeatable, 

samples were taken without replacement from concatenated alignments using 

the sample function in R (www.Rproject.org).  The initial sample was 80,000 

residues long.  A perl script was used to take the columns 4000 at a time and put 

them into 20 phylip formated alignments.  Best trees for subsampled alignments 

were found using RaxML. 

 

Gene Ontologies 

GeneMerge (Castillo-Davis and Hartl 2003) was used to identify functional 

trends in genes grouping E. huxleyi to various bipartitions.  Arabidopsis specific 

gene association and description files were constructed using specially written 

PERL scripts based on files downloaded from the TAIR website 

(ftp://ftp.arabidopsis.org/home/tair).  Protein accession numbers were converted 

to gene locus tags using the TAIR9_NCBI_REFSEQ_mapping_PROT file.  Gene 

association and description files were made using information in the 

ATH_GO_GOSLIM.txt file.  The population file was based on all of the predicted 

protiens in the A. thaliana genome.  Study files were lists of all the A. thaliana 

genes found in COGs that produced trees containing particular clades.  Resulting 

analyses were based on fewer genes than the concatenated alignments because 

A. thaliana was not present in every individual protein alignment and not all A. 

thaliana sequences were associated with GO terms. 
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Synteny test 

To test for synteny, E. huxleyi protein sequences from COGs clustered by 

the bipartition within which E. huxleyi fell out were blasted against the scaffolds of 

the E. huxleyi genome using tblastn.  A PERL script was written to quantify best 

hits per scaffold.  A Fisher exact test was run using R (www.Rproject.org) to test 

the null hypotheses that hits per scaffold would be similar to hits predicted by 

scaffold length.  
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Results 

The pairwise reciprocal best-hit blast search resulted in 1656 non-

redundant COGs which contained Emiliania huxleyi.  Phylogenetic trees were 

found for only 1129 of these COGs because MUSCLE was unable to find 

alignments or RaxML was unable to find trees for some COGs.  The COGs and 

thus the trees did not all contain the same taxa and taxa represented by 

complete genomes were in more trees than those represented by EST libraries 

(fig 2).  The taxonomic content of the COGs for which trees were made is shown 

in the Appendix.  When bipartitions containing E. huxleyi and exactly the same 

set of taxa were quantified, this haptophyte fell out most frequently with diatoms 

and second most frequently with the rhodophyte Cyanidioschyzon merolae, but it 

also frequently fell out with non-diatom heterokonts and members of the 

Viridiplantae (fig 3).  Emiliania grouped most often with heterokonts in general 

and more frequently with green lineage organisms in general than with red 

lineage organisms (fig 4).  In this study, Alveolates grouped with heterokonts to 

the exclusion of E. huxleyi 55 times and E. huxleyi only grouped with 

cryptophytes (=cryptomonads) in four protein trees compared to 305 protein trees 

in which E. huxleyi fell out with the heterokonts and 180 with green lineage 

organisms.  Emiliania grouped with the heterokonts and reds together 52 times, 

surprisingly close to the 67 times E. huxleyi grouped with heterokonts and greens 

together given the large discrepancy between the number of times E. huxleyi 

grouped with any group of greens compared to E. huxleyi grouping with any red. 
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Figure 2: Frequencies of organisms in 1129 Emiliania huxleyi 

containing COGs for which individual protein trees were found. 
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Figure 3: Counts of bipartitions with the exact contents shown on the left.  

A.thal = Arabidopsis thaliana, C.rein = Chlamydomonas reinhardtii, E.hux = 

Emiliania huxleyi, O.sat = Oryza sativa, P.pat = Physcomitrella patens, 

P.tric = Phaeodactylum tricornutum, P.ramor  = Phytophthora ramorum, 

T.pseu = Thalassiosira pseudonana, D.mel = Drosophila melanogaster, 

H.sap = Homo sapiens, S.purp = Strongylocentrotus purpuratus  
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Figure 4: Counts of bipartitions including E. huxleyi and least one 

member of each of the other lineages.  
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To test for the possibility that that the variability in phylogenetic position of 

E. huxleyi was attributable to poor alignments, Needleman-Wunsch pairwise 

global alignments were done between each sequence in each COG and an 

Emiliania sequence in that COG.  The distribution of Needleman-Wunsch scores 

is shown in figure 5.  When sequences with global alignment scores below 800 

were removed and new trees found the proportions of different bipartitions 

remained very similar although the numbers decreased (fig 6 and 7).  To see if 

the taxa used could be narrowed based on their alignability to Emiliania 

sequences, organisms were counted based upon how often they were one of the 

top two aligned sequences to an E. huxleyi sequence in the COG.  Quantification 

of the top two Needleman-Wunsch alignment scores in each COG to E. huxleyi 

by organism is shown in figure 8.  As expected the most alignable sequences to 

E. huxleyi were from heterokonts and green/red lineage organisms.  Surprisingly, 

animal sequences were among the most alignable sequences to Emiliania while 

alveolate sequences, which were expected to be alignable based on previous 

research, seemed less alignable to E. huxleyi sequences. 
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Figure 5:  The distribution of Needleman-Wunsch global alignment 

scores of sequences in each COG to an Emiliania huxleyi sequence in 

that COG.  Marks label low ends of intervals.  The peak of 1756 

sequence scores is between 500 and 600. 
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Figure 6: Counts of bipartition with the exact contents shown on the left 

from protein trees based on sequences with global alignment scores 

above 800 to an E. huxleyi sequence in each COG. 
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Figure 7: Counts of bipartitions including E. huxleyi and least one 

member of each of the other lineages on trees based on COGs from 

which sequences with Needleman-Wunsch scores below 800 had been 

removed. 
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Figure 8: Quantification of the number of times sequences from 

each organism had one of the top two Needleman-Wunsch global 

alignment scores to the E. huxleyi sequence in a COG. 



 98 

 

Emiliania huxleyi relationship with heterkonts 

The 305 alignments that produced protein trees that put E. huxleyi in a 

bipartition with heterokonts to the exclusion of other taxa (for more information on 

alignments see table 2) were concatenated and paralogs removed.  The resulting 

tree put E. huxleyi within the heterokonts as an outgroup to the phototrophic 

heterokonts, but with the oomycetes (Phytophthora spp.) as an outgroup to the 

phototrophic heterokonts plus Emiliania (fig 9).  Bootstrap support within the 

heterokonts was high with the exception of the branch linking Ectocarpus 

siliculosus to the diatoms.  Branches leading to and from Emiliania had 100% 

support.  Fucus serratus, a heterokont, was located within the primary plastid 

containing bipartition where it was sister to Porphyra haitanensis, a rhodophyte.  

The cryptophyte, Guillardia theta, was an outgroup to the opisthokonts, not sister 

to Emiliania.  Sequences with Needleman-Wunsch global alignment scores 

above 800 from each protein alignment were concatenated.  This reduced data 

set was composed of 115 proteins (table 2).  The phylogenetic tree resulting from 

this filtered concatenated alignment again put E. huxleyi within the heterokonts 

sister to the phototrophic heterokonts with high support (fig 10).  When 20 

random subsamples of 4000 amino acids were taken from the concatenated 

alignment, Emiliania was associated with the heterokonts in all resulting trees.  

Guillardia theta was associated with the heterokonts in only 12 of the trees and 

was only sister to E. huxleyi in one subsampled tree.  Of the 305 genes linking 

Emiliania to the heterokonts 185 were represented in the Arabidopsis thaliana 
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genome. Within the 185 gene study set, mitochondrial and plastid genes were 

overrepresented compared to the population of genes which consisted of the 

genes in the A. thaliana genome (e-value < 0.05)(fig 11).  The distribution of 

these genes on scaffolds was significantly different from the expected distribution 

based on scaffold length (Fisher’s exact test: p < 2.2e-16) indicating that the 

proteins linking E. huxleyi to the heterokonts are physically clustered as genes in 

the genome of E. huxleyi (fig 12).
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Figure 9: Phylogenetic likelihood tree resulting from analysis (JTT, Γ) of a 305 

protein concatenated data set.  Each individual protein tree grouped E. huxleyi 

with heterokonts.  Scale bar represents RAxML evolutionary distance.  

Bootstrap values based on 166 replicates. 
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Figure 10: Phylogenetic likelihood tree resulting from analysis (JTT, Γ) of a 115 

protein concatenated data set resulting from the removal of poorly aligned 

sequences from the 305 protein data set.  Each individual protein tree supported 

the grouping of E. huxleyi with the heterokonts.  Scale bar represents RAxML 

evolutionary distance.  Bootstrap values based on 105 replicates. 
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Figure 11: Gene merge results for genes linking E. huxleyi to heterokonts. 

Gene Ontology (GO) categories in which study genes (black bars) were 

overrepresented (e-value < 0.05) compared to gene population (genes of 

A. thaliana genome)(grey bars).  The study genes were composed of the 

185 genes in the A. thaliana genome that were associated with the 305 

genes linking Emiliania to the heterokonts.  CC = cell component 161 

genes with GO terms, BP = biological process 166 genes with GO terms, 

MF = molecular function 172 genes with GO terms.  
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Figure 12:  

Distribution of 

genes linking E. 

huxleyi to 

heterokonts on 

scaffolds of E. 

huxleyi genome 

(grey bars) and the 

number of genes 

on each scaffold 

predicted by 

scaffold length 

(black bars).  The 

difference 

(Fisher’s exact 

test: p < 2.2e-16) 

implies that the 

heterokont related 

genes are 

clustered 

physically in the E. 

huxleyi genome.  
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Emiliania huxleyi relationship with Green lineange 

The 180 alignments that grouped Emiliania with members of the 

Viridiplantae (green lineage) were concatenated and the paralogs were removed 

(see table 2 for additional information about alignments).  The phylogenetic 

analysis put E. huxleyi as an outgroup to the Viridiplantae with high support (fig 

13).  Sister to the green-E. huxleyi bipartition were the rhodophytes (red lineage) 

and the cyanobacterium Synechocystis but without significant support.  Guillardia 

theta grouped with the heterokonts but without significant support.  When 

sequences with Needleman-Wunsch scores below 800 were removed, 87 protein 

alignments remained.  These 87 were concatenated and a best tree found.   The 

resulting tree again put E. huxleyi directly outside the Viridiplantae with high 

support (fig 14).  Trees based on 4000 amino acid subsamples from the 

concatenated alignment resulted in E. huxleyi grouping with the greens nine 

times, the heterokonts six times, and the alveolates seven times.  The 

heterokonts associated with the greens seven times and the alveolates five 

times.  Gene merge results indicate that genes linking E. huxleyi to the green 

lineage were enriched in a few GO categories (e-value < 0.05)(fig 15).  Genes 

associating E. huxleyi with the Viridiplantae are clustered disproportionately on 

some scaffolds implying possible synteny (Fisher’s exact test: p < 2.2e-16)(fig 

16). 
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Figure 13: Likelihood tree resulting from analysis (JTT, Γ) of a 180 

protein concatenated data set.  Each individual protein tree grouped E. 

huxleyi with green lineage organisms.  Scale bar represents RAxML 

evolutionary distance.  Bootstrap values based on 192 replicates. 
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Figure 14: Likelihood tree resulting from analysis (JTT, Γ) of an 87 protein 

concatenated data set resulting from the removal of poorly aligned sequences 

from the 180 protein data set.  Each individual protein tree supported the 

grouping of E. huxleyi with the Viridiplantae.  Scale bar represents RAxML 

evolutionary distance.  Bootstrap values based on 105 replicates. 
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Figure 15: Gene merge results for genes linking E. huxleyi to the 

Viridiplantae. Gene Ontology (GO) categories in which study genes 

(black bars) were overrepresented (e-value < 0.05) compared to gene 

population (genes of A. thaliana genome)(grey bars).  The study 

genes were composed of the 151 genes in the A. thaliana genome 

that were associated with the 180 genes linking Emiliania to the 

Viridiplantae.  CC = cell component 124 genes with GO terms, BP = 

biological process 143 genes with GO terms, MF = molecular function 

129 genes with GO terms.  
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Figure 16:  

Distribution of 

genes linking E. 

huxleyi to green 

lineage organisms 

on scaffolds of E. 

huxleyi genome 

(grey bars) and the 

number of genes 

on each scaffold 

predicted by 

scaffold length 

(black bars).  The 

difference 

(Fisher’s exact 

test: p < 2.2e-16) 

implies that the 

Viridiplantae 

related genes are 

clustered 

physically in the E. 

huxleyi genome.  
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Emiliania huxleyi relationship with Reds 

The concatenated alignment included 46 protein alignments that 

individually resulted in protein trees grouping Emiliania with the rhodophytes 

(See table 2 for additional information on alignments.).  The resulting likelihood 

tree put E. huxleyi and Karlodinium micrum as sister taxa with bootstrap support 

slightly below the 70 that is normally considered significant.  This pair in turn was 

sister to the rhodophytes Porphyra yezoensis and Cyanidioschyzon merolae 

again with mediocre bootstrap support (fig 17).   The filtered data produced a 

concatenated alignment that included 29 separate protein alignments.  This tree 

shows E. huxleyi as sister to P. yezoensis with C. merolae as the outermost red 

algae all with poor support (fig 18).  K. micrum was included within the alveolates 

in the filtered tree.  The only two GO categories that Gene Merge identified as 

being over represented in this group of genes were the cell component 

categories mitochondrion and nucleolus (e-value < 0.05).  The test for clustering 

of rhodophyte associated genes on scaffolds was not significant, possibly due to 

the smaller number of genes in this category.   
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Figure 17: Likelihood tree resulting from analysis (JTT, Γ) of a 46 protein 

concatenated data set.  Each individual protein tree grouped E. huxleyi 

with red lineage organisms.  Scale bar represents RAxML evolutionary 

distance.  Bootstrap values based on 105 replicates. 
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Figure 18: Likelihood tree resulting from analysis (JTT, Γ) of a 29 protein 

concatenated data set after the removal of poorly aligned sequences from 

the 46 protein data set.  Each individual protein tree supported the 

grouping of E. huxleyi with the Rhodophytes.  Scale bar represents RAxML 

evolutionary distance.  Bootstrap values based on 105 replicates. 
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Emiliania huxleyi and cryptophytes 

There were four proteins that individually supported a sister relationship 

between Emiliania huxleyi and Guillardia theta (For additional information on 

alignments see table 2.).  The concatenated alignment produced a likelihood tree 

that strongly supported a relationship between E. huxleyi and the cryptophyte 

Guillardia theta (fig 19).  After sequences with Needleman-Wunsch alignment 

scores below 800 were removed, there was only one G. theta gene left and 

support for the E. huxleyi sister relationship with G. theta was still barely 

significant (fig 20).  It is worth remembering that G. theta is represented by a 

relatively small number of sequences in this study. 
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Figure 19: Likelihood tree resulting from analysis (JTT, Γ) of a four 

protein concatenated data set.  Each individual protein tree grouped E. 

huxleyi with the cryptophyte Guillardia theta.  Scale bar represents 

RAxML evolutionary distance.  Bootstrap values based on 105 replicates. 
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Figure 20: Likelihood tree resulting from analysis (JTT, Γ) of a single 

protein data set after the removal of poorly aligned sequences from the 

four protein data set.  Each individual protein tree supported the grouping 

of E. huxleyi with the cryptophyte G. theta.  Scale bar represents RAxML 

evolutionary distance.  Bootstrap values based on 105 replicates. 
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Alveolates with heterokonts 

A relationship with good support was found between heterokonts and 

alveolates based on a concatenated alignment of 55 proteins (fig 21)(For 

additional information on alignments see table 2.).  Bigelowiella natans was sister 

to Paramecium tetraurelia, though with poor support, and together they formed 

an outgroup to the dinoflagellates and apicomplexans.  This alignment also has 

E. huxleyi as sister to Guillardia theta, consistent with previous studies.  When 

sequences with Needleman-Wunsch alignment scores below 800 compared to 

an E. huxleyi sequence in the same COG were removed, the resulting tree still 

provided good support for a sister relationship between the alveolates and the 

heterokonts with B. natans still sister to P. tetraurelia (fig 22).  E. huxleyi ended 

up sister to E. coli in this tree. 
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Figure 21: Likelihood tree resulting from analysis (JTT, Γ) of a 55 

protein concatenated data set.  Each individual protein tree grouped 

alveolates with heterokonts.  Scale bar represents RAxML evolutionary 

distance.  Bootstrap values based on 105 replicates. 
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Figure 22: Likelihood tree resulting from analysis (JTT, Γ) of a 44 protein 

data set after the removal of poorly aligned sequences from the 55 

protein data set.  Each individual protein tree supported the grouping of 

alveolates with heterokonts.  Scale bar represents RAxML evolutionary 

distance.  Bootstrap values based on 105 replicates. 
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Emiliania with the greens and heterokonts 

 There were 67 individual protein trees that put E. huxleyi in a 

bipartition with the heterokonts and the Viridiplantae.  When the alignments were 

concatenated (For additional information on alignments see table 2.) and 

analyzed together, E. huxleyi grouped with the heterokonts with high support and 

the rhodophytes were sister to the heterokonts (fig 23).  The green lineage was 

sister to the Emiliania-heterokont-rhodophyte bipartition but without strong 

support.  The COGs were then filtered so the sequences with Needleman-

Wunsch scores below 800 to Emiliania were removed.  When the alignment and 

analysis was run again with the 19 protein filtered dataset, Emiliania again fell out 

with the heterokonts with good support and the alliance with the green lineage 

lacked good support (fig 24). 

Emiliania with the reds and heterokonts 

 Emiliania huxleyi grouped with the heterokonts and the rhodophytes in 52 

separate protein trees.  These alignments were concatenated (For additional 

information on alignments see table 2.) and analyzed and the resulting tree 

grouped E. huxleyi within the heterokonts with high support (fig 25).  

Cyanidioschyzon was sister to the heterokont-E. huxleyi bipartition with 

moderately good support.  When sequences with Needleman-Wunsch scores 

below 800 to Emiliania were filtered out, there were 14 proteins remaining, and 

the resulting tree again put E. huxleyi within the heterokonts and put Porphyra 

yezoensis sister to Phytophthora spp. (fig 26).  
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Figure 23: Likelihood tree resulting from analysis (JTT, Γ) of a 67 protein 

concatenated data set.  Each individual protein tree grouped E. huxleyi 

with heterokonts and Viridiplantae.  Scale bar represents RAxML 

evolutionary distance.  Bootstrap values based on 105 replicates. 
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Figure 22: Likelihood tree resulting from analysis (JTT, Γ) of a 19 protein 

data set after the removal of poorly aligned sequences from the 67 protein 

data set.  Each individual protein tree supported Emiliania grouping with 

heterokonts and Viridiplantae.  Scale bar represents RAxML evolutionary 

distance.  Bootstrap values based on 105 replicates. 

 



 121 

Figure 25: Likelihood tree resulting from analysis (JTT, Γ) of a 52 protein 

concatenated data set.  Each individual protein tree grouped E. huxleyi with 

heterokonts and rhodophytes.  Scale bar represents RAxML evolutionary 

distance.  Bootstrap values based on 105 replicates. 
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Figure 26: Likelihood tree resulting from analysis (JTT, Γ) of a 14 protein data 

set after the removal of poorly aligned sequences from the 52 protein data set.  

Each individual protein tree supported an E. huxleyi-heterokont-rhodophyte 

bipartition.  Scale bar represents RAxML evolutionary distance.  Bootstrap 

values based on 105 replicates. 
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Discussion 

This study resulted in several large data sets that strongly support the 

affiliation of Emiliania huxleyi with several major groups of organisms.  The 

chimeric nature of the E. huxleyi genome means that more than one of these 

phylogenetic placements could simultaneously be correct, but it is also important 

to consider potential sources of error, including phylogenetic artifacts, hidden 

paralogy, gene transfer, and the limitations of genome sampling.  The largest 

dataset put E. huxleyi in a bipartition with the heterokonts.  There was also strong 

support for grouping this haptophyte with green algae, with red algae, or with 

cryptomonads (=cryptophytes).  Physical clustering of genes supporting 

particular bipartitions on some scaffolds implies synteny and bolsters the 

argument that E. huxleyi is chimeric as does the limited number of GO terms 

showing significant enrichment in genes from the datasets grouping E. huxleyi 

separately with the heterokonts, green algae, and red algae.  

Discrepancies between trees 

There are several types of systematic error that could result in 

disagreement among gene trees.  Examples are variation in tree building 

method, nucleotide composition bias, and saturation (multiple changes at 

individual positions in a sequence).  Method variation was not a problem in this 

case because in any given analysis the same method was used.  Another 

methodological problem that might produce anomalous bipartitions is the use of 

poor alignments.  For this reason, each sequence in each COG was aligned to 
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an Emiliania sequence in that COG and sequences with Needleman-Wunsch 

scores below 800 were removed and the analysis repeated on the filtered data.  

The Needleman-Wunsch algorithm (Needleman and Wunsch 1970) was used 

because it produces global alignment scores.  Finding phylogenetic trees from 

multiple sequence alignments assumes that the sequences represent the same 

gene and they should be alignable from end to end.  Removing sequences based 

on poor global alignment scores makes the same assumption and seemed to be 

the more conservative approach compared to using a local alignment procedure 

such as Smith-Waterman (Smith and Waterman 1981).  In both cases the 

proportions of the most common associations with E. huxleyi were similar 

although the total counts were smaller.  One curious result of the filtration of the 

alignments linking E. huxleyi to the red algae is that both concatenated trees 

grouped Emiliania with the rhodophytes, but that the filtered alignment resulted in 

a tree with lower bootstrap support.  This implies that poor alignments do not 

always result in reduced support.  The filtration of this data also moved 

Karlodinium micrum from the red lineage to the alveolates.  Both of these 

placements are reasonable because the dinoflagellate K. micrum is an alveolate, 

but its plastid is of rhodophyte and more recently haptophyte origin (Tengs et al. 

2000).  The effect of composition bias and saturation was reduced by the used of 

amino acid sequences rather than nucleotides and by the use of likelihood rather 

than parsimony analytical methods.  Stochastic error can also be a problem but 

is usually reduced by the use of large amounts of data (Jeffroy et al. 2006) and 

would produce random associations, whereas this pipeline puts Emiliania in a 
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few bipartitions with high frequency.  I believe these high frequency associations 

are reliable while the lower frequency bipartitions should be treated more 

carefully.  

Three of the remaining reasons for discrepancies between gene trees and 

species trees are:  1) paralogy, 2) lineage sorting/deep coalescence, and 3) 

horizontal gene transfer (Delwiche and Palmer, 1996; Maddison 1997).  Paralogy 

by itself should, in most cases, simply increase counts of bipartitions that occur 

anyway, not produce aberrant bipartitions.  The pipeline used in this study 

counted overlapping bipartitions and did not require all members to be present 

and so gene loss should not affect the results.  Lineage sorting could produce 

aberrant bipartitions, but lineage sorting is most prevalent when diversification is 

relatively rapid, and population sizes are large (Maddison 1997) and so is more 

likely to mix up closely related organisms than group Emiliania with a completely 

different set of organisms.  Furthermore, lineage sorting only acts on genes 

present in the lineage in question.  Genes from red algae, green algae, and 

heterokonts have to be present to be differentially sorted and lineage sorting 

does not explain how the haptophytes got these genes.  

Horizontal gene transfer from other organisms including endosymbionts 

seems like the most plausible explanation for the incongruent phylogenetic 

history of the genes of Emiliania huxleyi.  Horizontal gene transfer among 

eukaryotes has historically been viewed as controversial and is widely believed 

to be less likely in multicellular eukaryotes, particularly animals, in part because 

the transferred genes need to get into the germ line to be passed on to the next 
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generation (Keeling and Palmer 2008).  Organisms that rely primarily on sexual 

reproduction are also going to be limited because transferred genes may cause 

problems during meiotic homologous recombination if only one chromosome has 

the gene.  It has, however, been demonstrated that some animals do have genes 

from other organisms.  One example is the sea slug Elysia chlorotica, which has 

the psbO gene from its food Vaucheria litorea (Rumpho et al. 2008).  Another 

example is the pea aphid, Acyrthosiphon pisum, which has acquired genes from 

its bacterial symbiont, Buchnera aphidicola (Nikoh and Nakabachi 2009).  

Horizontal gene transfer is much more common and less controversial in 

unicellular eukaryotes (Keeling and Palmer 2008).  There is some empirical 

evidence to support this view. Whitaker et al. (2009) found phylogenetic evidence 

for horizontal gene transfer in several groups of eukaryotes using only trees in 

which relationships representing putative horizontal gene transfers were 

supported by bootstrap values of 70% or above.  Whitaker et al. (2009) found 

approximately 100 genes that had been transferred to the diatoms, a similar 

number to the number found in this study for E. huxleyi.   

Previous studies have implied that some genes are more likely to be 

transferred than others.  Informational genes seem to be transferred less often 

(Daubin et al. 2002; Rivera et al. 1998) because of their more complex 

interactions with other proteins (Jain et al. 1999).  Recently, it has been proposed 

that photosynthesis related genes have sufficiently complex interactions to retard 

the transfer of these genes in a piecemeal manner (Shi and Falkowski 2008).  

However, these limitations are not absolute and genes with complex interactions 
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can be transferred horizontally (Wellner et al. 2007).  Informational and 

photosynthesis related genes are more likely to be successfully integrated into 

the new cell if they are transferred in groups of interacting genes.  The 

GeneMerge (Castillo-Davis and Hartl 2003) results of this study indicated that 

proteins linking E. huxleyi to the heterokonts were highly enriched in a few 

categories of genes, many of them plastid related, while the proteins linking 

Emiliania to the lineages containing primary plastids were enriched in a limited 

number of categories.   This is consistent with the idea that genes, if transferred, 

are going to be transferred with their functional partners.  This study also showed 

that genes are not evenly distributed on the assembled scaffolds implying that 

genes grouped by phylogenetic signal may also be grouped physically in the 

genome providing further evidence that genes were transferred as blocks.  For 

these reasons, HGT seems like the most likely explanation for many of the 

discordant trees observed in this study, and Emiliania appears to be a deeply 

chimeric organism with a large genetic input from the heterokont, rhodophyte, 

and maybe Viridiplantae lineages. 

Organisms with red-derived secondary plastids 

The strongest signal to come from this analysis links Emiliania huxleyi to 

the heterokonts.  This is not surprising because haptophytes share many 

morphological features with heterokonts, despite the lack of mastigonemes that 

led to their classification as a distinct lineage.  Their flagellar roots are similar.  

Their plastid, which is widely viewed as a secondary plastid of red algal origin, 

has its stroma surrounded by four membranes and contains chlorophylls a and c.  
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Mitochondrial cristae are tubular in both groups (Hibberd 1976; Graham and 

Wilcox 2000; Andersen 2004;).  Both groups store carbohydrates as 

chrysolaminarin (Graham and Wilcox 2000).  Because of uncertainty in 

eukaryotic phylogeny, it is unclear at present which of these are ancestral 

characters and which might be synapomorphies, but in the bigger picture of 

eukaryotic phylogeny heterokonts and haptophytes are clearly relatively similar 

organisms. 

One of the more striking features of the heterokonts as a whole is their 

morphological variability. They include unpretentious flagellates of the genus 

Ochromonas, silica synthesizing diatoms, spectacular giant kelp, and the genus 

Phytophthora, which includes the causative organisms of sudden oak death and 

potato blight.  Recently, Hyalolithus neolepis, an organism with morphological 

and molecular ties to the haptophytes, was found to make its scales from silica, 

which demonstrates that at least one haptophyte can metabolize this mineral 

(Yoshida et al. 2006).  Some previous studies have found a relationship between 

haptophytes and heterokonts based on plastid genes with moderate to strong 

support (Yoon et al. 2002; Yoon et al. 2004; Bachvaroff et al. 2005).   

In contrast, several studies have found evidence that haptophytes are 

most closely related to cryptophytes.  Le Corguillé et al. (2009) used plastid 

genes to find a relationship between Emiliania huxleyi and cryptophytes with 

moderate to strong support.  Riisberg et al. (2009) used ribosomal, cytosolic 

protein coding genes, and rbcL to show a strongly supported sister relationship 

between haptophytes and cryptophytes.  Other groups have found haptophytes 
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and cryptophytes to be monophyletic using multiple nuclear genes (Burki et al. 

2007; Hackett et al. 2007).   My pipeline found only four sequences that 

supported a sister relationship between the haptophytes and cryptophytes.  This 

could be due to the smaller amount of data provided by EST collections 

compared to complete genomes.  The four translated genes, when subjected to 

phylogenetic analysis, did strongly support the grouping of E. huxleyi with 

Guillardia theta.  It is possible that haptophytes and cryptomonads really are 

sister taxa, but more data are needed before that statement can be made with 

confidence.  These studies (Burki et al. 2007; Hackett et al. 2007) also strongly 

linked the alveolates with the heterokonts to the exclusion of the haptophytes and 

cryptophytes.  My analysis found 55 proteins that indicate that alveolates and 

heterokonts form a monophyletic group to the exclusion of the haptophytes and 

cryptophytes.  This is still far fewer than the 305 proteins that put E. huxleyi in the 

heterokonts.  This suggests that the E. huxleyi heterokont ancestral linkage 

should be reconsidered along with the current configuration of the 

chromalveolates in general.  It is interesting that the four proteins found in this 

study that put E. huxleyi as sister to Guillardia theta showed this pair as being 

close to Dictyostelium discoidium and the opisthokonts similar to the placement 

found by Bhattacharya et al. (1993).  This study supports the monophyly of 

chromalveolates (alveolates, heterokonts, haptophytes, and cryptophytes) in 

general but the bulk of the data in this study put Emiliania within the heterokonts 

not with the cryptophytes as other studies have suggested (Burki et al 2007; 

Hackett et al 2007).  
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Emiliania and the primary plastid containing lineages 

In addition to the protein trees linking Emiliania to the heterokonts, this 

study revealed a large number of trees linking E. huxleyi to each of the two 

primary plastid containing lineages.  Somewhat surprisingly, there were a larger 

number of protein trees linking E. huxleyi with green lineage organisms than with 

red lineage organisms.  Moustafa et al. (2009) also found a large number of 

green lineage derived genes in diatoms and E. huxleyi.  They dismissed the 

hypothesis that this observation was an analytical artifact, and offered two 

possible explanations: 1) Heterokonts had a green algal endosymbiont before 

they had a red algal endosymbiont.  This explanation requires two plastid gains 

and one plastid loss.  2) The ancestral host heterokont cell was actually an 

Ostreococcus-like green alga that lost its plastid then gained a red algal 

endosymbiont.  This explanation requires a plastid loss followed by a plastid 

gain.  There is ample evidence for multiple plastid gains and losses in 

dinoflagellates (Nosenko et al. 2006; Patron et al. 2006) so the hypotheses of 

Moustafa et al. (2009) are not only possible but very interesting and worth 

continued consideration.  While the results of the present study found more trees 

linking Emiliania with the green lineage organisms as a whole, there were more 

complete genomes available for green lineage organisms.  E. huxleyi more 

frequently grouped with Cyanidioschyzon than any particular group of green 

lineage organisms.  This implies that as more rhodophyte genomes become 

available, the red signal will become stronger than the green signal and that what 

seems like a green signal now may actually be a primary plastid containing 
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lineage signal.  In addition, this study found almost as many proteins linking E. 

huxleyi with the heterokonts and the rhodophytes together as with the 

heterokonts and the Viridiplantae together despite the larger amount of genomic 

data available from the Viridiplantae (fig 4).  Furthermore, when these alignments 

were concatenated, all of the resulting trees put E. huxleyi with the heterokonts.   

The full dataset E. huxleyi, heterokont, rhodophyte tree significantly supported a 

relationship between the E. huxleyi-heterokont bipartition and the rhodophyte 

Cyanidioschyzon merolae.  The trees resulting from concatenation of protein 

alignments that individually supported an E. huxleyi-heterokont-Viridiplantae 

bipartion significantly supported a relationship between E. huxleyi and the 

heterokonts but did not support a sister relationship between the E. huxleyi-

heterokont bipartition and the green lineage.  The full dataset E. huxleyi, 

heterokont, Viridiplantae tree actually put rhodophytes with the heterkont-E. 

huxleyi bipartition.  This would support the more conventional idea that the 

originally aplastidic chromists gained one secondary plastid of red algal origin.  

This should also be considered the more parsimonious explanation because it 

only requires one plastid gain and no losses.   

Who is the ancestor? 

The two lineages with large numbers of proteins linking them to Emiliania 

huxleyi are the heterokonts and the Viridiplantae.  Of these, more genes linked 

the heterokonts to the E. huxleyi.  These genes appear to be enriched in plastid 

related functions indicating that the plastids of haptophytes and heterokonts are 

related.  This is not controversial as the plastids share many characteristics 
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including the presence of chlorophylls a and c, thylakoids in stacks of three, and 

four bounding membranes around the stroma (Andersen 2004).  This just means 

the plastids are related, but not necessarily the host organisms.  It is possible 

that the heterokonts and haptophytes got their plastids from a common ancestor, 

but it is still possible that they acquired their plastids in separate events from a 

similar source.  In these scenarios, the apparently green derived genes could be 

part of a larger set of genes from the primary plastid-containing lineage that will 

turn out to be from rhodophytes as more red algal genomes become available. 

Non-plastid related genes could have been transferred from the plastid donor 

and the plastid related genes diverged more rapidly after being incorporated into 

the new host genome.  This seems sensible since the plastids of haptophytes 

and heterokonts are quite different from the plastids of red algae in that red algae 

have phycobiliproteins but lack chlorophyll c and only have two membranes 

around the stroma (Graham and Wilcox 2000).  It has also been demonstrated 

that plastid genes can evolve quite rapidly in dinoflagellates although the same 

study indicated that plastid genes change more slowly in Emiliania (Bachvaroff et 

al. 2006).  

Emiliania seems to have another set of genes from the Viridiplantae. 

These genes, though less numerous, seem to have more varied function 

implying that maybe the host organism descended from a green algae like 

organism.  Other investigators have suggested this in various forms. Cavalier-

Smith has suggested that haptophytes and heterokonts descended from a 

Viridiplantae-like organism (Cavalier-Smith 1981, Cavalier-Smith 1999).  More 
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recently Burki et al. (2008) published a concatenated tree that placed most 

photosynthetic lineages as sharing a common ancestor.  The haptophytes were 

closer to the primary plastid lineages than the heterokonts, consistent with my 

finding that Emiliania has a set of green derived genes that it does not share with 

the heterokonts.  Moustafa et al. (2009) found a large number of green genes in 

heterokonts and Emiliania.  This is also consistent with the heterokonts and 

haptophytes having descended from a green alga.  However, when I 

concatenated proteins that individually grouped Emiliania with the heterokonts 

and the green lineage, the resulting tree did not show a significant relationship 

between the green lineage and the heterokont-E. huxleyi bipartition. 

Conclusions 

It was not a surprise that my pipeline revealed that Emiliania huxleyi has 

genetic elements from multiple sources.  Coccoliths have been confidently 

identified from Triassic sediments (Fawlkowski et al. 2004) indicating the 

coccolith bearing haptophytes have been around for at least 200 million years 

and the haptophytes that do not make coccoliths may be even more ancient.  

Haptophytes are plastidic and can be phagotrophic (Kawachi et al. 1991) giving 

them both the time and the mechanism to acquire horizontally transferred genes.  

The pipeline indicated a large number of proteins linking Emiliania 

phylogenetically to the heterokonts and other proteins to the green algae and the 

red algae.  The distribution of the proteins associating E. huxleyi with the 

heterokonts and the green lineage differed from the distribution predicted based 

on the length of each scaffold indicating that genes from different sources are 
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clustered physically in the E. huxleyi genome.  This physical clustering of the 

different genomic inputs provides further evidence for the chimeric nature of the 

Emiliania genome because large groups of genes could have been transferred 

together in a small number of transfer events.  Genes from different sources also 

tended to have related functions.  Proteins that grouped E. huxleyi with the 

heterokonts had primarily plastid related functions.   Proteins indicating a 

relationship between Emiliania and the green lineage were more varied 

functionally although they still fell into a small number of GO categories.  Thus 

genes were imported with their functional partners making it easier for the 

proteins to function in their new context.  The larger number of genes linking E. 

huxleyi to the heterokonts implies that E. huxleyi may be more closely related to 

heterokonts.  The more varied function implies that E. huxleyi may be closer to 

the Viridiplantae.  The multiprotein tree based on individual proteins that 

indicated a relationship between Emiliania and the green lineage did support a 

relationship between the green lineage and E. huxleyi.  However, when proteins 

that individually grouped E. huxleyi with the heterokonts and the Viridiplantae 

analyzed together, Emiliania grouped with the heterokonts and the relationship 

with the green lineage did not receive significant support.  Furthermore, when 

proteins that linked E. huxleyi to the heterokonts and the rhodophytes were 

concatenated, Emiliania again fell out with the heterokonts, but the relationship of 

this group with the rhodophyte Cyanidioschyzon merolae did receive significant 

support.  Most of the evidence from this study indicates that E. huxleyi is closer 
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to the heterokonts.  More data from cryptophytes and rhodophytes are needed to 

understand the evolutionary history of the chromalveolates.  
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Chapter IV: Conclusions 

Symbiosis is widely believed to date back to the origins of eukaryotic life 

(Cavalier-Smith 2006; Margulis 1996; Martin and Russell 2003).  Mitochondria 

(Grey et al. 1999) and plastids (Reith 1995) are both regarded as being of 

bacterial origin.  Symbiosis can be divided into three major types: mutualism, 

commensalism, and parasitism (Saffo 1993).  Mutualism involves two organisms 

working together and helping each other.  Commensalism involves one organism 

not being harmed by the organism it is helping.  Parasitism involves a 

relationship in which one organism is taking advantage of and harming the other.  

I have addressed parasitism and mutualism in my dissertation research.  

Amoebophrya enters the cytoplasm of a host, grows, then leaves the host dead 

(Cachon and Cachon 1987) clearly harming the host.  Emiliania huxleyi is a 

haptophyte phytoplankton with a secondary plastid of red algal origin (Delwiche 

1999).  Secondary plastids are plastids that resulted from the engulfment of a 

phototrophic eukaryote by another eukaryote (Palmer and Delwiche 1996).  

Modern examples of phototrophs living within other organisms without having 

been fully incorporated into the host cell as an organelle indicate that these 

relationships are mutualistic.  The host benefits from photosynthate that leaks 

from the algal symbiont and the algae benefit from host metabolic byproducts the 

symbionts use as nutrients (Yellowlees et al. 2008).  

Amoebophrya belongs to a group of dinoflagellate-like organisms referred 

to as group II marine alveolates (López-Garcia et al. 2001).  Published results 

indicate that group II marine alveolates are among the most diverse eukaryotic 
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organisms in enclosed marine habitats (Cheung et al. 2008) and the open ocean 

even at depths of 3000 m (Groisillier et al. 2006; López-Garcia et al. 2001; Not et 

al. 2007).  Group II alveolate sequences have also been found in hypersaline 

anoxic waters (Alexander et al. 2009) and at hydrothermal sediments (López-

Garcia et al. 2003).  Despite their apparent abundance and diversity, to my 

knowledge the only group II alveolate genera that have been described 

morphologically are Syndinium (Manier 1971; Soyer 1974), Hematodinium 

(Appleton and Vickerman 1998), and Amoebophrya (Cachon and Cachon 1987).  

I have added to the body of knowledge about this underdescribed group in 

several ways.  1) I described the free-swimming stage of the Amoebophrya life 

cycle at an ultrastructural level.  2) I did experiments with cytochalasin D that 

indicate Amoebophrya uses a microfilament-based mechanism to enter its host.  

3) I provided ultrastructural evidence that the mastigocoel is formed as a result of 

vesicle fusion rather than a sheet of cytoplasm folding around a central column of 

cytoplasm. Despite our knowledge of their diversity and my additions to the 

knowledge about Amoebophrya structure and function there is still a lot to learn 

about group II marine alveolates. All of the morphologically described group II 

alveolates are parasites implying that many if not all group II alveolates may be 

parasites.  Their parasitic nature may be the reason that so few organisms from 

this group have been isolated.  Parasitism is thought to be a good strategy in 

high productivity environments, but low productivity environments favor 

mutualism (Thrall et al. 2006).  Yet group II marine alveolates are found in low 

productivity environments below the photic zone or even in anaerobic 
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environments where finding a new host is likely to be difficult.  Are these 

organisms still highly virulent parasites or do they form more stable symbioses in 

low productivity environments? 

Emiliania huxleyi is a haptophyte alga, which possesses a secondary 

plastid containing chlorophylls a and c.  Haptophytes have traditionally been 

linked to heterokonts (Andersen 2004).  They were placed within the 

chromalveolates because they have chlorophyll a and c containing secondary 

plastids, as do some members of each of the other groups including the 

alveolates, heterokonts, and cryptomonads (=cryptophytes) (Cavalier-Smith 

1999).  Recent studies have placed haptophytes as sister to the cryptomonads 

(Burki et al. 2007; Patron et al. 2007).  My phylogenomic pipeline detected 

genetic signals from three sources: heterokont, green algae, and red algae within 

the genome of E. huxleyi.  This supports the idea that E. huxleyi is a chimeric 

organism, but the apparent presence of green algal genes seems at odds with 

the conventional wisdom that haptophyte plastids are of red algal origin.  Further 

evidence that the Emiliania genome is chimeric was provided by Gene Merge 

results which demonstrated that the genes linking the E. huxleyi to the 

heterokonts and the greens each were enriched in their own small set of 

functional categories implying that genes were transferred with functional 

partners.  Another set of evidence supporting the chimeric nature of Emiliania is 

my finding that genes are distributed on scaffolds differently than would be 

expected based on scaffold length, implying that genes were transferred as large 

multigene units.  Moustafa et al. (2009) found evidence that diatoms, a type of 
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heterokont, also have genes of green algal origin.  They suggested that either the 

diatoms descended from a green alga or that they had harbored a green algal 

symbiont prior to acquiring the red algal symbiont.  Either of these scenarios is 

possible although it is also worth mentioning that more green algal genomes than 

red algal genomes have been sequenced.  It is possible that as more red algal 

genomes are sequenced the genes apparently from green algae will turn out to 

have been from a red algal source.  At this point the genetic input from red algal 

and green algal sources should really be considered together as a Viridiplantae 

contribution.  My pipeline only identified four proteins that linked Emiliania to the 

cryptomonad Guillardia.  When these proteins were concatenated and another 

phylogenetic analysis was done, they strongly supported a sister relationship 

between Emiliania and Guillardia.  However, the number of proteins supporting 

this relationship is much lower than the number of proteins supporting a 

relationship between E. huxleyi and the heterokonts or the primary plastid 

containing lineages.  This may be due to a lack of sequence data.  At present 

there are no completely sequenced cryptomonad genomes.  To resolve these 

issues more red algal and cryptomonad complete genome sequences are 

needed. 

I have explored symbiosis both from the standpoint of a parasite living in a 

host cell and from the standpoint an organism that harbors an endosymbiotic 

organelle.  Being an intracellular parasite and having a plastid may seem very 

different at first and it may be surprising that two chromalveolate groups, the 

heterokonts and the alveolates, include both phototrophs and parasites, but the 
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difference between being an endosymbiont and having an endosymbiont may not 

be as great as first appears.  If you imagine two equal sized and equally capable 

amoeboid cells, each of which will try to consume anything in its path, crossing 

paths, assuming everything else is equal, it is actually a matter of chance which 

cell ends up inside.  Some of the requirements for having a plastid and for being 

an intracellular parasite are similar.  Both need to be able to transport gene 

products into a foreign cell.  It has now been demonstrated that special leader 

sequences are necessary to target nucleus-encoded proteins to plastids in 

apicomplexans (Harb et al. 2004; Waller et al. 1998), dinoflagellates (Nassoury et 

al. 2003; Patron et al. 2005), diatoms (Gruber et al. 2007; Lang et al. 1998), and 

a cryptomonad (Gould et al. 2006).  The leader sequences of chromalveolates 

typically have two parts.  The outer membrane of the plastid is part of the 

endoplasmic reticulum and there is a signal peptide that targets plastid directed 

proteins to and through that membrane.  There is also a transit peptide that takes 

the protein into the plastid itself (Lang et al. 1998; Nassoury et al. 2003; Waller et 

al. 1998).  Chromalveolate parasites such as Plasmodium and Phytophthora 

need to target proteins into the cytoplasm of their host cells.  To do this they use 

a signal sequence to get the protein into the secretory pathway and to the 

parasitophorous vacuole compartment.  They then use an additional vacuolar 

translocation sequence to export proteins to the cytoplasm of the host cell 

(Haldar et al. 2006).  The presequence required to get a protein into a host cell 

cytoplasm is similar to the presequence needed to get a protein into a secondary 
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plastid.  The possession of a plastid could have predadapted these organisms to 

become parasites and made them more attractive symbionts.   

The presence of Chromera, a phototrophic endosymbiont, at the base of 

the apicomplexan phylogenetic tree (Moore et al. 2008) also argues for parasites, 

at least in some organisms, starting as endosymbiotic phototrophs.  As I 

mentioned above, low productivity environments tend to favor mutualism while 

high productivity environments tend to favor parasitism (Thrall et al. 2006).  Reef 

building corals that harbor Symbiodinium tend to live in nutrient poor 

environments (Muscatine and Porter 1977).  Chromera was isolated from 

Plesiastrea versipora a scleractinian coral (Moore et al. 2008) that is widespread 

in coral reefs (Rodriguez-Lanetty and Hoegh-Guldberg 2002).  Thus Chromera 

most likely frequents oligotrophic, nutrient poor, waters.  As apicomplexans and 

possibly group II marine alveolates invaded more productive waters and 

terrestrial environments, that favor thicker and frequently less translucent host 

ectoderms, they transitioned from mutualism to parasitism.  Given that 

Amoebophrya (Chapter 2) and oomycetes including Phytophthora (Hardham 

2007) seem to use electron dense vesicles to enter host cells despite lacking an 

obvious apical complex, it would be interesting to know if Chromera has some 

type of a cryptic apical complex consisting of electron dense structures. 

Chromalveolates are a diverse set of organisms that provide many 

interesting opportunities to study symbiosis.  I have studied the parasitic group II 

alveolate Amoebophrya and have shown that the free-swimming dinospores 

have large numbers of electron dense vesicles, which seem to line up in a tube 
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as the parasite is attached to the host surface.  Cytochalasin experiments I did 

imply that Amoebophrya uses an actin based mechanism to enter host cells.  

These electron dense organelles and the use of microfilaments in host entry 

underscores that Amoebophrya is apicomplexan-like as well as dinoflagellate-

like.  I also provided evidence that the internal compartment of mature 

Amoebophrya trophonts called the mastigocoel is formed as a result of vesicle 

fusion.  My study of the Emiliania huxleyi genome revealed that it contains large 

numbers of genes that link it phylogenetically to heterokonts and to primary 

plastid containing organisms emphasizing its chimeric nature.  Clearly, there is 

need for additional ultrastructural and genomic work on these and other 

abundant, diverse, and relatively understudied protists. 
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Appendix: Taxonomic contents of COGs 
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5013          Y  Y       Y                  Y      

5014          Y  Y Y             Y          Y       

5015          Y  Y                  Y       Y      

5017          Y  Y                   Y     Y       

5018          Y  Y       Y            Y    Y     Y  Y
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5019          Y  Y          Y    Y   Y Y       Y    Y Y

5020          Y  Y                 Y Y       Y      

5021          Y  Y       Y          Y Y       Y      

5022          Y  Y       Y                  Y   Y   

5025          Y  Y          Y               Y      

5026          Y  Y          Y     Y                

5027          Y  Y               Y  Y Y             

5029          Y  Y                 Y Y            Y

5030          Y  Y       Y           Y      Y       

5033          Y  Y       Y          Y              

5034          Y  Y       Y          Y Y       Y      

5035          Y  Y       Y                 Y Y      

5036          Y  Y       Y                  Y      

5037          Y  Y    Y   Y          Y Y       Y      

5040          Y  Y       Y                  Y      

5042          Y  Y       Y                  Y      

5043          Y  Y Y Y                       Y  Y    

5045           Y Y               Y            Y    

5046           Y Y                 Y          Y    

5049           Y Y               Y  Y Y       Y  Y    

5050           Y Y  Y     Y        Y  Y Y         Y    

5051           Y Y           Y                Y    

5052           Y Y          Y Y    Y        Y Y   Y   Y

5054           Y Y                  Y         Y    

5055           Y Y       Y    Y    Y Y Y        Y  Y    

5060           Y Y               Y   Y         Y    

5062           Y Y  Y                         Y    

5064           Y Y                             Y Y

5066           Y Y       Y       Y Y  Y  Y            

5069            Y Y                  Y        Y    

5070            Y Y                Y          Y    

5071            Y Y    Y                    Y      

5072            Y Y                  Y         Y   

5076            Y Y              Y             Y   

5083            Y Y   Y           Y            Y    

5085            Y  Y                      Y   Y    

5087            Y  Y        Y     Y  Y          Y    

5091            Y  Y               Y        Y    Y  

5093            Y  Y            Y   Y         Y     

5094            Y  Y         Y             Y   Y Y Y Y

5097            Y  Y                          Y  Y

5098            Y  Y   Y                Y       Y   

5100            Y  Y               Y Y             

5101            Y  Y             Y    Y       Y Y Y   

5102            Y  Y         Y    Y  Y Y        Y Y    

5105            Y    Y       Y   Y Y  Y Y       Y      

5106            Y    Y             Y Y             

5108            Y    Y   Y       Y  Y               
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