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ABSTRACT
Microorganisms are a goidmine for evolutionary genetics as their genomes can
evolve at an extraordinary rate which results in some of the most extravagant adaptations
in terms of genome structure and function as well as survival in the most unusual
environments. One trend observed in several evolutionary scenarios is genome
degeneration. It is most prominent in endosymbionts and obligate intracellular parasites
and is a consequence of many constraints encountered in the intracellular environment.
The process involves loss of many protein-coding genes, resulting in greater dependence
on the host, and loss of non-coding DNA such as intergenic regions, which has a direct
impact on regulation of genome function. I have chosen two evolutionarily distinct
systems to analyze the stages and functional consequences of genome degeneration,
namely the impact of genome compression on transcription in an obligate parasite
Antonospora locustae (genus Microsporidia), and gene content in the mitochondrion of a
diatom endosymbiont found in the dinoflagellate Durinskia baltica. I have successfully
mapped transcriptional start and termination sites from 14 loci in Antonospora locustae,
and cloned fragments of two genes that are part of the electron transport chain from the
mitochondrion of the diatom endosymbiont in Durinskia baltica. My analysis reveals
that transcription in A. locustae is always initiated immediately upstream of the open
reading frame at a single point for every locus, whereas transcriptional termination can
occur at several points for a single gene and, in some instances overlaps with a
downstream reading frame. The identification of NADH5 and ATPase9 from the
mitochondrion of the endosymbiont in D. baltica is further evidence for the preservation
of function in this enigmatic organelle.
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Chapter 1: INTRODUCTION

1.1 Genome Degeneration
Microbial systems offer unique opportunities to study evolution as their high
reproductive potential and short generation time offers ample opportunity for changes to
the genome. Their lifestyle allows for relative ease of uptake and exchange of genetic
information via lateral gene transfer. Finally, their adaptability to unusual niches and
extreme environments offers a picture of full evolutionary potential of genomes;
evolution at its extreme.
Several evolutionary scenarios have produced microbial genomes that are orders
of magnitude smaller than those of their relatives. This includes a few free-living
organisms with unusually high reproductive rates (Derelle et al. 2006), but is far more
extreme in obligate parasites and endosymbionts. For instance, free-living E.coli has a
genome of 4.6Mb, which is average for bacteria, whereas Mycoplasma and Rickettsia,
both intracellular parasites have genomes of 0.58Mb and --1Mb respectively. Even
further reduction is seen in endosymbionts. Mitochondria, which have a common
ancestor with Rickettsia have an average genome size of only —3Okbp (Gray et al. 2004).
Free-living cyanobacteria which gave rise to chloroplasts have genomes ranging in size
from 1 .67Mbp to 4.8 Mbp (Cyanobacterial Genome Project) whereas a chloroplast
genome of A. thaliana is about —154kb, less than 10% the size of its smallest free-living
relative (Sato et al. 1999).
Reduction in genome size can result from loss of non-coding DNA such as
intergenic regions, transposons and repeat elements but also loss of genes and shortening
of proteins (Andersson & Kurland 1998). As in other genomes, genes in endosymbionts
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and parasites can be lost by drift, through accumulation of random mutations. Losses of
large DNA fragments can occur through uneven crossing over of DNA molecules and via
excision of transposable elements. These phenomena occur in most organisms, however
in free living microbes they can be compensated for by uptake of DNA and repair by
homologous recombination, or via sexual reproduction (Dale 2003; Andersson &
Kurland 1998). The intracellular milieu encountered by parasites and endosymbionts
however is not conducive to gene reshuffling. Endosymbionts usually lose their capacity
for sexual reproduction, whereas parasites have limited opportunity for interaction among
individuals inside the host. In parasites each infection results in a population bottleneck
as it is initiated by only one or a few individual cells or spores and does not involve a
polymorphic population that would allow for reshuffling of alleles necessary for
elimination of deleterious mutations. Finally, the loss of many genes is made possible by
alleviation of pressure to preserve these, as they are no longer essential in an intracellular
environment (Andersson & Kurland 1998). Smaller genomes offer the advantage of rapid
and energetically inexpensive replication, which may also favor loss of pseudogenes and
non-coding DNA. Overall the intracellular milieu encountered by endosymbionts and
obligate parasites is a highly unusual niche wherein the alleviation of most challenges
encountered by free-living organisms is counterbalanced by the challenge to survive
inside a host, calling for unique adaptations, biochemical remodeling and genomic
reorganization.
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1.2 Parasitism
A common adaptation to a parasitic lifestyle is the parasite’s ability to exploit the
host for acquisition of energy and metabolites. Many genes needed in biosynthetic
pathways for the production of nucleotides, carbohydrates, fatty acids and amino acids,
have been lost from genomes of parasites like microsporidia, as many of these
compounds are obtained from the host (Metenier & Vivares 2001; Katinka et al. 2001).
While some proteins are lost altogether others become shorter, usually due to loss of
protein-interaction domains upon loss of interacting partners (Katinka et al. 2001;
Keeling et al. 2005).
Genome compression involves the loss of non-coding DNA by essentially the
same mechanism as the loss of protein coding genes. Whereas “junk” DNA such as
transposons and repeat elements can be lost without immediate consequences for the
organism, the loss or shortening of intergenic regions can have a profound impact on
genome function as these regions bare essential cis-regulatory elements necessary to
control transcription. In some species of microsporidia genome compression has resulted
in high frequency of transcriptional overlap, making these organisms ideal to study the
consequences and mechanisms of coping with genome compression.

1.3 Endosymbiosis
It has been generally accepted that the original endosymbiotic events that gave
rise to plastids and mitochondria occurred when a heterotrophic cell engulfed a
cyanobacterium and alpha-proteobacterium respectively (Gray & Doolittle 1982). These
events are thought to have occurred only once or twice (in the case of plastids) in
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evolutionary history and are termed primary endosymbioses. Most of extant plastid
diversity came about from secondary and tertiary endosymbioses where a heterotrophic
eukaryote engulfed a photosynthetic one. In all cases of endosymbiosis, the prey, instead
of being completely digested was incorporated into the host and reduced to a plastid
(Archibald & Keeling 2002; 2005).
Genome reduction in endosymbionts is twofold; whereas genes needed for
autonomous function such as mitotic cell division and motility are lost altogether, many
genes needed for maintenance and replication of the endosymbiont are transferred to the
nucleus of the host (Timmis et al. 2004). In the event of secondary or tertiary
endosymbiosis, the endosymbiont also undergoes morphological degeneration losing all
organelles and ultrastructural features except the plastid. Mitochondria, which are
endosymbionts themselves, are almost always lost from eukaryotic cells that undergo
reduction to become plastids. Exceptions to this rule are found among the dinoflagellates,
some of which contain highly preserved endosymbionts with functional mitochondria.
Whereas many studies have been done on mitochondria of free-living organisms, little is
known about mitochondria of endosymbionts as these are extremely rare events, looked
upon as evolutionary miracles.

Mitochondrial genomes
Mitochondrial genomes can vary greatly in structure and composition. In most
organisms the mitochondrial genome is present in multiple copies of a circular-mapping
chromosome (with a few exceptions), with high AT content (60-80%) and high gene
density. Over 90% of the mitochondrial genes have been transferred to the nucleus and
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are targeted back to the organelle. Genes commonly retained in the mitochondrial
genome are key players in energy production, namely proteins that are part of innermembrane complexes forming the electron transport chain and needed for oxidative
phosphorylation (Gray et al. 1998)
Though the full gene complement necessary for mitochondrial function is similar
in all eukaryotes, the complement of genes retained in the mitochondrial genome varies
significantly between different organisms. Analysis of Oxyrrhis marina, an earlybranching dinoflagellate revealed the mitochondrial genome to be highly fragmented and
reduced, containing only COXI and COX3-COB fusion genes, along with a few
ribosomal RNA’s (Slamovits 2007). The mitochondria of diatoms Phaeodactylum
tricornutum and Thalassiosira pseudonana (44kbp) on the other hand have retained
NADH genes 1-7, 9,11, ATP synthase genes 6,8 and 9, COX1-3, COB and a handful of
ribosomal protein genes (Armbrust et al. 2004; Marie-Pierre Oudot le-Seqc, personal
communications).
To obtain a full picture of mitochondrial biochemistry and function would require
the identification of all nuclear-encoded mitochondrial proteins along with those found in
the mitochondrial genome. However the degree of mitochondrial genome conservation
and particularly the presence therein of key functional proteins can be used as tell tale
signs of functional integrity.
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CH 2: TRANSCRIPTION IN COMPRESSED GENOMES OF MICROSPORIDIA
2.1 INTRODUCTION
Microsporidian Ecology and Pathogenicity
Microsporidia are intracellular eukaryotic parasites with a broad host range, from
protists and arthropods, to birds, fish and mammals, including humans. The phylum
Microspora comprises about 160 genera and 1300 described species (Larsson 1999).
While some species have a detrimental impact on economically important animal and
insect populations, others are being used (or have potential) as biological control agents
against insect pests and disease-bearing vectors such as the malaria mosquito (Weinzierl
& Henn 1989). In humans microsporidia can cause infections with severe to lethal
outcome for immunocompromised individuals, such as AIDS patients or people on
immunosuppressive drugs (Bryan & Schwartz 1999). Transmission usually occurs by
ingestion or inhalation. Initial infection causes damage to intestinal or lung epithelia
leading to malabsorption and respiratory problems respectively, and can disseminate to
other organs such as the CNS, eyes, liver, kidney, spleen etc... Depending on the site of
infection the symptoms may include diarrhea, nausea, vomiting, weight loss, headaches,
loss of vision and cognition as well as destruction of infected tissues leading to severe
and permanent organ damage (Franzen & Muller 2001). The spread of HIV as well as
increased use of immunosuppressive drugs renders otherwise opportunistic parasites a
growing concern which necessitates greater understanding of basic biology and genetics
of these poorly studied systems.
Morphology and Lifestages
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Microsporidia persist in the environment as stress-resistant spores about 1-40 Im
in diameter. Spore shapes vary between species, ranging from simple spheres, ovals or
rods to extravagant spirals. The outer spore layers consist of proteinaceous exospore and
a chitin endospore, which protect the spore from mechanical damage and desiccation.
The hard spore wall is subtended by the plasma membrane, which encloses a single
cytosolic compartment containing one to two nuclei, depending on the species. The
posterior of the cell is occupied by a large vacuole. Spanning the length of the spore and
anchored at the apex of the cell is a conspicuous coiled tube called the polar filament.
Close to the anchoring point of the polar filament, we find a membranous system known
as the polaroplast; both of these are key components of the infection apparatus. A striking
cytological feature of microsporidia is the absence of membrane-delimited organelles
found in most eukaryotes. Microsporidia do not have canonical mitochondria, lysosomes,
peroxisomes or secretory granules. A highly reduced membrane system studded with
polyribosomes and adjacent to the nucleus is all that remains of the endoplasmic
reticulum. There is no prominent golgi apparatus in the spore, though some reduced
forms thereof have been detected in intracellular stages of the infection (Vavra & Lars son
1999).
The infectious cycle is initiated when the polar filament everts under the pressure
of a swelling posterior vacuole and pierces the host cell. The cytoplasmic contents of the
spore enveloped in the polaroplast are transferred. through the polar filament into the host
cytosol, much like the contents of a syringe through a needle (Cali & Tarkavian 1999).
Once inside the host, microsporidia enter an intracellular amoeboid stage of their life
cycle termed merogeny; a period of high metabolic activity and reproductive rate. The

7

meronts reproduce in the host cytosol or in parasitophorous vacuoles, utilizing nutrients
and macromolecules of the host. After one or several replication cycles the meronts
transition into sporogeny, forming spores with complete cell wall and infectious
apparatus. The infectious cycle terminates with the release of mature spores, causing lysis
of the host cell (Cali & Tarkavian 1999).
Cell division occurs by either binary fission (division of a single mother cell into
two daughter cells) or schizogony (division of nuclei and subsequent splitting of
multinucleate cell into multiple daughter cells) (Cali & Tarkavian 1999). Sexual
reproduction occurs during the intracellular stages in some species but appears to be rare;
little is known of the process other than light-microscopic observations of homogamous
fusion, karyogamy and meiosis (Hazard & Brookbank 1984).

Phylogeny
Early classifications based on morphology placed microsporidia among the
sporozoa, a group of spore-forming parasites, which comprised members of apicomplexa,
myxosporidia, actinomyxidia and haplosporidia (Kudo 1947). In the 1980’s they were re
classified as archeozoa; an ancient eukaryotic branch that predates the endosymbiotic
event which lead to the acquisition of mitochondria, and development of complex
organellar compartmentalization (Cavalier-Smith 1983).
Several lines of evidence from molecular analyses, such as the reduced size and
peculiar structure of macromolecules reinforced the idea that microsporidia are an ancient
eukaryotic lineage, transitional between prokaryotes and eukaryotes (Vossprinck et al.
1987; Curgy et al. 1980). For instance microsporidial ribosomes appear prokaryotic in
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size and composition, having a sedimentation coefficient of 70S and comprising 50S and
30S large and small subunits respectively as well as lower protein content (50% rather
than 60%) reminiscent of prokaryotes (Curgy et al. 1980). However, these proved to be
derived rather than primitive features which came about as a result of reductive evolution.
Despite some contradiction among different gene phylogenies (Vossbrinck et al. 1987;
Kamaishi et al. 1996), most evidence now places microsporidia as relatives of fungi
(Edlind et al. 1996; Hirt 1999; Keeling 2003; Keeling & Doolittle 1996; Van de Peer
2000).
The final evidence against the conclusion that microsporidia are primitively
amitochondriate ancient eukaryotes was the discovery of mitochondrial proteins in the
nuclear genome of several microsporidian species, including the heat shock protein 70
(HSP7O) (Arisue et al. 2002; Germot et al. 1997; Peyretaillade et al. 1998) and pyruvate
dehydrogenase El (Fast, Keeling 2001). Subsequent immunolocalization studies of
HSP7O in meronts of Trachipleistophora hominis (Williams et al. 2002) revealed the
existence of a relict organelle, the mitosome, which lost its genome and key
ultrastructural features such as cristae, but apparently had some nuclear proteins targeted
to it. Since then the sequencing of the genome of E. cuniculi has revealed the existence of
many mitochondrial proteins (Katinka et al. 2001), solidifying the idea that these
organisms once had functional mitochondria.
Most of the controversy regarding the phylogenetic placement and identity of
microsporidia arose from their extreme reduction at the morphological and molecular
levels. However it is becoming increasingly clear that these peculiarities are highly
derived rather than primitive features, which arose over evolutionary time due to
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pressures of a parasitic lifestyle, making microsporidia highly specialized fungal parasites
whose morphology and biochemistry have been streamlined for rapid and effective
infection and replication in the host.

Genomics of Microsporidia
Some of the smallest eukaryotic genomes known to date are found among
microsporidia. The smallest microsporidian genome is that of Encephalitozoon
intestinalis; being only 2.3Mbp, it is half the size of the E.coli genome. Other
Encephalitozoon species have slightly larger genomes, with 2.5 Mbp in E. hellem and
2.9Mbp in E. cuniculi. Antonospora locustae, another model microsporidian, has a 5.4
Mbp genome, about half the size of yeast (Metenier & Vivares 2001; Keeling & Fast
2002)
Most of the information we have on microsporidian genome structure and content
comes from the complete sequence of the genome of Ecephalitozoon cuniculi (Katinka et
al. 2001) and partial genome surveys of several other species including Antonospora
locustae and Enterocytozoon bieneusi, as well as much larger genomes of Brachiola
algerae and Edhazardia aedis (Williams et al. 2008).
Karyotype studies reveal microsporidian genomes to be organized on several
linear chromosomes, ranging in size from 175 to 2700 kb (Metenier & Vivares 2001;
Biderre et al. 1994). Analysis of the smaller genomes,those of E. cuniculi and A.
Locustae revealed similar chromosomal organization typical of most eukaryotes, with
chromosome cores dense in protein-coding genes, flanked by ribosomal operons and
ending in telomeres (Katinka et al. 2001; Vivares et al. 2002).
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Based on genome comparison studies it appears that A. locustae and E. cuniculi
have a similar gene complement of just under 2000 protein-coding genes and that most of
the difference in genome size is a result of gene duplication and the presence of genesparse regions in A. locustae. Genome reduction is manifested in the absence of genes
needed for biosynthetic pathways of certain carbohydrates, lipids and amino acids, all of
which are obtained from the host (Katinka et al. 2001). Genes remaining are those needed
for replication and expression of genetic information, structural genes composing the
spore wall and infectious apparatus and transport proteins needed to shuttle essential
metabolites from the host to the parasite during intracellular stages. Many remaining
genes appear to have been truncated. About 85% of the proteins in E. cuniculi are shorter
than their yeast homologues, on average by 14.6%, likely due to loss of protein-protein
interaction domains following the loss of interacting partners (Katinka et al. 2001;
Keeling et al. 2005).

Whereas genome reduction in E. cuniculi and A. locustae is evident in the loss of
functional groups of proteins, genome compression is manifested in the absence of selfish
DNA elements such as transposons, significant reduction in number of minisatellite and
microsatellite repeats, introns and length of intergenic spaces (Katinka et al. 2001).
Interestingly recent genome surveys of larger microsporidian genomes of Brachiola
algerae and Edhazardia aedis revealed these to have a gene complement similar to that
of E. cuniculi and A. locustae, with the majority of genome size difference being
accounted for by the presence of large amounts of non-coding DNA. The genomes of
Brachiola algerae and Edhazardia aedis are padded with large intergenic regions that can

11

be over 2kb long and abundant transposons, resulting in gene densities orders of
magnitude lower than in microsporidia with smaller genomes (Williams et al. 2008).
Complete genome sequences from microsporidia are needed for adequate comparison of
protein content between species, however genomic data obtained thus far indicates that
genome reduction is more common among species of microsporidia, whereas genome
compression is a unique phenomenon restricted to fewer species. Though the
evolutionary forces driving genome compression remain enigmatic the immediate
consequences of this process on genome function are readily observable.

Genome compression and multigene transcripts
Perhaps the greatest impact of genome compression on its function is the
shortening of intergenic DNA. The smaller microsporidian genomes are extremely genedense; E. cuniculi and A. locustae have a gene density of about 0.97geneslkb and
0.94geneslkb respectively which is about twice that of yeast. The average length of
intergenic regions is only 129bp in E. cuniculi and 21 lbp in A. locustae (Katinka et al.
2001). Yeast, which is considered to have a relatively compact genome compared to
other eukaryotes has intergenic region of —600bp on average for divergent ORFs (Dujon
1996).
Intergenic regions in Eukaryotes contain transcriptional control elements such as
promoters and terminators, which direct transcriptional machinery to a given ORE and
terminate transcription respectively. Higher organisms with complex developmental
programs requiring spatial and temporal regulation of gene expression have evolved
complex modular promoters that can be activated by different combinations of
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transcription factors, which are in turn controlled by a variety of external stimuli. These
cis-regulatory elements are harboured in large intergenic regions that can be larger than
entire genomes of simpler organisms. Simpler unicellular organisms can get away with
relatively minimal promoters but nevertheless necessitate these cis-regulatory elements to
control transcription. Whereas disposal of junk DNA such as repeat elements may not
have an immediate physiological consequence for the organism, reduction of intergenic
region can have a severe impact on genome function by affecting transcription.
Surveys of EST’s in Antonospora locustae and Encephalitozoon cuniculi revealed
a peculiar pattern of gene expression in microsporidia. From 871 clones, which had
identifiable homologues in the public database, 11% encoded more than one gene
whereas 17% contained sequence that is antisense to a known protein-coding gene. These
transcripts are not likely to be part of a post-transcriptional control such as RNAi as they
are longer, usually containing up to three genes or gene fragments in different
orientations (Williams et al. 2002). The alternative explanation is that microsporidia,
much like prokaryotes have operons; in other words several genes controlled by the same
promoter are transcribed unto a single polycistronic mRNA which is translated into
several proteins. However this is an unlikely explanation since the mRNA in A. locustae
and E. cuniculi contains genes oriented in different directions and gene fragments which
are unlikely to produce functional protein products.
Rather than being a complex regulatory mechanisms found in higher eukaryotes
or a reversion to operon-like transcription seen in bacteria overlapping gene expression in
microsporidia appears to be a by-product of genome compression which resulted in
displacement of transcriptional control elements into or past neighboring genes.
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As a first step in understanding transcriptional regulation in the compressed genomes of
microsporidia I have sequenced full-length 5’ and 3’ cDNA ends from fourteen genetic
loci in Antonospora locustae, using RLM-RACE PCR (RNA ligase-mediated
amplification of cDNA ends). RACE products (cDNA ends) were subsequently aligned
with large contigs assembled from the partial genome sequence survey found in the
Antonospora locustae database, in order to assess the position of transcriptional start and
end sites in relation to neighboring genes.

2.2 MATERIALS AND METHODS
Contig assembly
Sequences of A. locustae nuclear genome were obtained from the Antonospora
Locustae genome database (http://gmod.mbl.edulperllsite/antonosporaO1 ?page=intro)
and EST project found in PepDB
(http://amoebidia.bcm.umontreal.calpepdb/searches/welcome.php). These were aligned in
Sequencher (version 4.2) to create larger contigs, ranging in size from 3.5kb to 40kb.
Genes selected for amplification by RACE PCR were those known to be expressed
(present in the EST database), and positioned more than 500bp away from the ends of a
contig. Genomic regions chosen for the analysis were relatively gene-sparse with no
overlapping ORFs.
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RNA Isolation
Antonospora locustae spores (M&R Durango Inc.) were ground on liquid
nitrogen with mortar and pestle. Full RNA extraction was performed using Trizol reagent
(Invitrogen).

RLM-RACE PCR
EST libraries are usually constructed by random cDNA amplification using oligo
dT primers, which amplify mRNA’s from the poly-A tails. This method often results in
transcripts which are truncated at the 5’end, and thus does not allow to determine the
location of transcriptional start sites. RLM RACE PCR on the other hand allows for the
isolation of full-length 5’ ends, enabling the identification of transcriptional start sites.
First Choice RLM-RACE (Ambion) and Taq DNA polymerase (Invitrogen) were used to
amplify full-length 3’and 5’ cDNA ends.
For 5’RACE whole RNA was treated with CIP (calf intestinal phosphatase) to
remove phosphates from uncapped transcripts (truncated mRNA), as well as tRNA,
rRNA and contaminating DNA. The RNA was subsequently treated with TAP (Tobacco
Acid Pyrophosphatase) to remove caps from full-length mRNAs exposing
5’monophosphates. A 45bp RNA adapter was ligated to the mRNA using T4 ligase. In
this step only phosphorylated mRNA’s acquired an adapter, as the ligation can only occur
in the presence of a free 5’ phosphate. The cDNA ends of the desired genes were
subsequently amplified by PCR using adapter-specific and gene-specific nested primers
(Table 2.1). To ensure that the products were not a result of DNA or truncated mRNA
contamination the RTIPCR steps were repeated using mRNA that was treated with CIP
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but not TAP. All loci that yielded the same products in these two analyses were discarded
from the data as contaminants.
In 3’RACE an adapter containing a poly-T tail was used with adapter-specific and
gene-specific nested primers (Table 2.1) to amplify genes by Reverse-Transcription PCR.

Cloning and sequencing
Secondary PCR was performed using Taq DNA polymerase (Invitrogen).
Secondary PCR products were cloned into TOPO TA vector and TOP-lO competent
E.coli cells (Invitrogen). Eight clones from each PCR product were sequenced using
NAPS capillary sequencing with BigDye 3.1. The obtained sequences were aligned to
pre-constructed contigs of genomic and EST sequence data. All 5’RACE products found
to begin downstream of the predicted translation initiation site of the gene of interest
were discarded as contaminants from truncated transcripts. All 3 ‘RACE products where
the poly (A) tail corresponded to a poly (T) stretch in the genomic DNA were discarded
as possible contaminants where the adapter bound a random A-rich region on the mRNA
rather than a Poly (A) tail.
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2.3 RESULTS
Thirteen 5’RACE and 3’RACE products from fourteen different loci were
successfully cloned and analyzed. The intergenic regions flanking the genes analyzed
ranged from 11 nucleotides to 903 nucleotides with an average of —288 nucleotides, and
no overlapping Open Reading Frames (Table 2.2).
5’RACE
Most 5’ RACE products began immediately upstream of the translation initiation
site ATG, with the 5’ untranslated region ranging in length from 0 to 9 nucleotides. A
single 5’ RACE product was isolated for every gene analyzed, implying that
transcriptional start site is always the same for a given gene. In two instances, where the
intergenic region upstream of the gene of interest was particularly short, 5’ RACE PCR
resulted in amplification of transcripts containing upstream ORFs. This includes the
5’RACE product of Cytidine deaminase, which contains an upstream hypothetical
protein, and that of Ubiquitin Carboxy terminal hydrolase, containing V1D24 gene
(Fig2. 1).

3’RACE
3’RACE products showed greater degree variation in length than 5’RACE; 3’
untranslated regions ranged in size from 14 to 299 nucleotides with an average length of
—180 nucleotides. Most transcripts ended in intergenic regions however that of
Checkpoint kinase ran through the 110 nucleotide intergenic region and into the
downstream gene, PDH-E1cL with a —100 nucleotide overlap. Most genes in this study

18

had a single 3’RACE product, except for Intemalin which had two distinct products, with
10 and 262 nucleotide 3’ untranslated regions.

Table 2.2 Length of untranslated 5’ and 3’ regions and transcriptional overlap as
determined by alignments of RACE products with genomic contigs
of Antonospora locustae.

Gene Name

Initiation Sitea

5’Overlap

Poly (A)

site”

3’overlap

P68-like protein

1

None

104

None

Phosphate transporter

0

None

299

None

Lea protein

0

None

74

None

Rpl9

0

None

83

None

Sno-RNA associated
Protein
DNA-binding protein

9

None

38

None

1

None

258

None

CTP synthase

0

None

14

None

WD-repeat protein

4

None

Cytidine deaminase

505

485

673

Checkpoint kinase

5

None

211

PDH-Eloc
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Fig 2.1 Transcriptional start and end sites as represented by RACE products for 14 loci in
Antonospora locustae. Gray arrows represent ORFs; black arrows, position of
gene-specific primers; light grey arrows, 5’RACE products; dotted lines with poly
(A) stretch, 3’RACE products.
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Fig 2.1 continued
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Ch 2.4 DISCUSSION
Strict transcriptional initiation sites and loose termination sites: functional
and evolutionary implications.

Analysis of 5’ RACE products indicates that in A. locustae transcription is
initiated a few nucleotides upstream or immediately at the beginning of the open reading
frame. There was no variation among clones of 5’RACE products for a given gene
indicating that every ORF has a single transcription initiation point. Extremely short
intergenic regions upstream of the genes analyzed resulted in amplification of rnRNA
containing the upstream ORF. The above indicates the presence of promoter sequences
upstream of genes, which direct transcriptional machinery to a strict initiation site.
Transcription was never initiated inside another gene in the loci I analyzed, however,
previous work with the Photolyase gene in A. locustae indicates that this scenario is
possible (Slamovits & Keeling P.J. 2004)
In the case of Ubiquitin and Cytidine deaminase, where 5’RACE products
included the upstream genes, there are several possible explanations. One possibility in
both cases is that we are looking at the 3’ ends of the transcripts from the upstream genes,
which run into the genes of interest downsream. This is consistent with the observation
that transcripts can end in the middle of downstream genes (fig 2.1, I). In this case there
may be transcripts for Ubiquitin and Cytidine deaminase beginning in their short
intergenic regions, which have not been detected in the analysis due to preferential
amplification of the 3’end of their neighbors. There is also a possibility that the two genes
are co-transcribed with their upstream neighbors and translated from the same mRNA. To
confirm this would require sequencing of the entire mRNA molecule from start to finish,
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ensuring that both reading frames are complete, and isolation of the corresponding
proteins to verify that both are successfully translated. More 5’RACE products must be
analyzed to determine if the observed pattern holds throughout the genome, before
further work is undertaken to determine how promoters are incorporated into compressed
genomes.

Eukaryotic promoters
Eukaryotic promoters can be extremely complex and diverse, having
-

combinations of cis-regulatory elements and enhancers, kilobases away from the
beginning of the open reading frame which they control. These cis-elements are
necessary for spatial and temporal regulation of gene expression, controlled by wide
array of transcription factors which are themselves regulated by external stimuli and
developmental cues. Simpler organisms can get away with simpler cis-regulation,
however minimal promoters and sufficient intergenic space to prevent collision of
transcriptional machinery are still necessary for gene expression.
A prevalent feature in eukaryotic minimal promoters is a consensus sequence
known as the TATA box; TATAAA or a similar T/A rich region. This element may
function alone or in conjunction with other sequences in positioning of transcriptional
machinery upstream of the gene to be transcribed. During initiation of transcription these
sequences are bound by TATA-binding protein (TBP), a subunit of a multimeric
transcription factor TFIID, which recruits proteins of the pre-initiation complex as well as
RNA polymerase II, required to melt the target DNA and initiate RNA synthesis. The
TATA box is found about 25-30 nucleotides upstream of transcriptional start sites in
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drosophila and humans, and 40-200 nucleotides in yeast. These distances are crucial for
appropriate positioning of transcriptional machinery catalytic centre, and initiation of
transcription at the desired location (Smale & Kadonaga 2003).
TBP is highly conserved among organisms at the functional level, and is present
in A. locustae (Fast et al. 1999). Evidence from other organisms suggests a minimal
distance requirement for positioning of transcriptional machinery upstream of the
transcription initiation site is dictated by the binding of TBP and its interaction with other
proteins in the complex (Smale & Kadonaga 2003). Extremely short intergenic regions in
A. locustae may not accommodate the most basic promoters, as they do not provide
sufficient space between the TATA box and transcriptional initiation site for the
assembly of transcriptional machinery.
Unlike transcriptional initiation, transcriptional termination in A. locustae appears
to be sloppy, with transcripts ending in several locations and within neighboring coding
regions (Fig 2.11, J). Interestingly the opposite scenario was observed in another
microsporidian Encephalitozoon cuniculi, where transcription termination was always at
the same point for a given gene whereas transcriptional initiation was loose, starting at
different points, often inside upstream open reading frames (Corradi et al. 2008).
Contrasting data from these two species indicates that these organisms are independently
evolving transcriptional regulatory elements that can be incorporated into neighboring
genes, which allows them to cope with genome compression and elimination of
intergenic regions. To fully understand how transcriptional regulation is evolving in
compressed genomes a detailed analysis of promoters and terminators would be
necessary. Future directions would involve identifying core promoter and terminator
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regions as well as characterization of transcriptional components responsible for binding
these sequences.

Untranslated regions in Eukaryotes
Another noteworthy feature of A. locustae transcripts is the extremely short length
or in some cases absence of untranslated regions (UTR’s). The average length of 5’UTR
in eukaryotic mRNA is 100-200 nucleotides whereas 3’UTR can range from 200-1000
nucleotides. These untranslated regions contain sequences responsible for regulation of
translation and sub-cellular localization, and can form complex secondary structures that
recruit proteins controlling translation and mRNA export from the nucleus (Pesole et.al.
2001) These extra levels of regulation are essential in complex organisms to allow fine
tuning of gene expression in response to environmental stimuli. A. locustae appears to get
away without long UTR’s as seen in other eukaryotes; it seems to have disposed of that
level of regulation of gene expression and mRNA localization. Whether the
morphological simplicity and dormancy of microsporidian spores have rendered this
higher level of regulation unnecessary or it has been replaced by other regulatory
mechanisms is to be determined.
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Ch 3. MITOCHONDRIA IN DIATOM ENDOSYMBIONT OF
DINOFLAGELLATES

3.1 INTRODUCTION

Dinoflagellate Ecology
Dinoflagellates are planktonic, predominantly unicellular protists, having one or
more motile lifestages with two dissimilar flagella (Fensome et al. 1993). Dinoflagellates
are found in benthic and pelagic habitats of marine and freshwater ecosystems, all around
the globe, from the arctic to tropical seas. About half the known species have plastids and
are either photosynthetic or mixotrophic. Many species are strictly heterotrophic, grazing
on other planktonic populations. A few species lead parasitic or symbiotic lifestyles in
association with other organisms (Taylor 1987).
Dinoflagellates have a great impact on aquatic ecosystems, being significant
contributors to primary production, and as endosymbionts of reef-building corals (Taylor
1987). Many species of dinoflagellates produce toxic algal blooms known as red tides, as
well as toxins which accumulate in consumers, spreading through the food chain,
resulting in fish kills and toxic effects in birds and humans. Syndromes affecting humans
include neurotoxic and paralytic shellfish poisoning (NSP) and ciguatera which are
manifested in gastrointestinal, neurological and, less frequently cardiovascular effects,
with 10% lethality (Steidinger 1984).
The tremendous ecological impact and diversity of dinoflagellates is reflected in
their wide variety of adaptations, complex lifestages and unique biochemistry, making
these organisms a goidmine for discovery in molecular biology and evolution.
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Cell morphology
Dinoflagellates exhibit some of the most extravagant and diverse cell shapes.
Different lifestages of the same organism were often mistaken for different species due to
their distinct cell morphologies. At their vegetative stage most dinoflagellate species are
motile haploid cells, which reproduce by mitosis. The cell wall is composed of
membrane-bound amphiesmal vesicles or alveoli, found beneath the plasma membrane.
In some species these are filled with cellulose granules, forming rigid plates of armor or
theca whose arrangements can be used for taxonomic classification. The cell wall can
form intricate protrusions giving the cells their extravagant shapes (Netzel & Durr 1984).
Two dissimilar flagella, one transverse one longitudinal, emerging from a pore on the
ventral side of the cell and running perpendicular to each other, propel the cell in a
unique spiral motion (Taylor 1987).
Dinoflagellates possess all canonical features of eukaryotic cells, including the
nucleus, golgi bodies, endoplasmic reticulum and mitochondria. Photosynthetic
dinoflagellates have either secondary or tertiary plastids (or both) depending on the
species. Dinoflagellates are unique among eukaryotes in their plastid diversity, as
different species can have plastids of different origins that were acquired at different
points in evolutionary history.

Dinoflagellate Plastids
Dinoflagellates’ unique ability to take up endosymbionts resulted in extraordinary
plastid diversity among species, with different combinations of chlorophylls and
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accessory pigments. Most dinoflagellates have a peridinin-containing, three-membrane
bound plastid derived from red algae; an ancestral plastid, characteristic of the
chromalveolate group (Dodge, Jeffrey 1989). However a few lineages have replaced this
plastid with secondary and tertiary endosymbionts of various origins. A secondary plastid
derived from a green alga has been found in Lepidodinium where it replaced the red algal
peridinin plastid (Watanabeet al. 1990). Cases of tertiary endosymbiosis have been
observed in different genera with endosymbionts of haptophyte (Tengs et al. 2000),
cryptophyte (Hackett et al. 2003; Schnepf & Elbrächter 1988), and diatom origins. These
groups of organisms are chromists, a sister group to the alveolates, containing a red algal
plastid themselves.
Canonical cases of endosymbiosis involve complete integration of an
endosymbiont into the host, resulting in loss of organelles and leaving little more than the
plastid surrounded by a series of membranes (McFadden 2001). However, dinoflagellates
exhibit different degrees of plastid integration. From transient associations such as
kleptoplasty, where a photosynthetic prey is used as a plastid by its heterotrophic predator
prior to being digested (Fields & Rhodes 1991; Schnepf & Elbrächter 1992; 1999;
Skovgaard 1998) to complete integration and reduction of an endosymbiont to an
organelle, entirely dependent on the host. Dinoflagellates’ promiscuity and relative ease
of plastid uptake resulted in more frequent endosymbiotic events throughout evolutionary
history. As a result these organisms offer a unique opportunity to observe different stages
of plastid integration and different degrees of endosymbiont reduction at the
ultrastructural and genomic levels.
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Dinoflagellates with diatom endosymbionts
Durinskia baltica and the closely related Kryptoperidiniumfoliaceum are two
dinoflagellate species with endosymbionts derived from pennate diatoms, which have
conserved many cellular components normally lost in plastids (Chesnick et al. 1996;
1997). The diatom endosymbiont lost its cell wall and motility and has no prominent
ultrastructural features of its free- living relatives. The endosymbiont is present in all
lifestages of the host and their division is synchronized. It is separated from the host
cytoplasm by a single membrane (Tomas& Cox, 1973; Chesnick et al. l996;1997).
Interestingly the diatom occupies most of the host cytoplasm, and appears to be taking
over the host from the inside. Furthermore it has preserved its nucleus and mitochondria
with intact cristae; the endosymbiont mitochondria outnumber those of the host. The
endosymbiont plastid is surrounded by four membranes; the outermost being continuous
with the diatom ER. The host cytosolic compartment has all typical features of
dinoflagellates, with the dinokaryotic nucleus, an eyespot (remainder of the red-algal
plastid), and mitochondria (Tomas & Cox 1973). Ultrastructural observations indicate
that the endosymbiont may be at its early stages of integration; consequently we expect to
be able to observe the initial stages of genomic deterioration, the end product of which
we see in most extant plastids. Another possibility is that the diatom is resisting
degeneration and preserving functional autonomy to a greater degree than seen in other
endosymbionts, which would make this a unique event in evolutionary history.
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Dinoflagellate Genomes
When referring to the dinoflagellate genome one thinks of the nuclear or
dinokaryotic genome. However dinoflagellates are mosaics of genetic information
acquired by lateral gene transfer and gene reshuffling between the host and
endosymbionts. Dinoflagellate nuclear genomes are among the largest known to date,
ranging from about 3000 Mbp to 200 000 Mbp (65 times larger than the human genome)
(Spector 1984). This vast amount of DNA is found on chromosomes which are
permanently condensed during the cell cycle. Rather than having canonical nucleosomes
the chromatin is held together by histone-like proteins (HLP), which resemble those of
bacteria (Dodge 1966). The extraordinary genome sizes in these organisms have rendered
whole genome sequencing and assembly very challenging; thus most molecular data
comes from EST surveys. There is very little genomic data available from the diatombearing D. baltica and K foliaceum and thus we cannot say with certainty how much
gene reshuffling occurred between the different genomes, or which genes have been
transferred to the dynokaryon. Organellar genomes on the other hand are relatively small,
more amenable to analysis and can yield insight into functional conservation of the
organelle.
Dinoflagellates with tertiary endosymbionts contain perhaps the greatest
collection of genomes in a single cellular environment. D. baltica and K. foliaceum have
two nuclear and two mitochondrial genomes belonging to the host and tertiary
endosymbiont. They also have a plastid genome belonging to the tertiary endosymbiont.
It isn’t clear how much remains of the red-algal plastid genome from secondary
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endosymbiosis, however studies in other dinoflagellate species indicate that we are likely
to find remnants thereof in the dinokaryotic nucleus (Fast 2001; Patron 2006).
The peculiarity of these species is the unusual degree of preservation of the
tertiary endosymbionts at the ultrastructural and genetic levels. The diatom nucleus has
retained HSP9O, actin and tubulin genes. The latter two are particularly surprising as
actin is a component of the cytoskeleton whereas tubulin is needed for motility and
mitotic spindle formation (McEwan and Keeling 2004); however the endosymbiont is no
longer motile and divides amitotically. The mitochondria of both host and endosymbiont
have been found to express genes from the electron transport chain, indicating that both
organelles are likely to be functional. Cytochrome oxidase genes, COX1-3 as well as
COB are expressed in the endosymbiont along with the small subunit rRNA (LSUrRNA);
two of these (COX1 and COB) are also expressed in the host (Imanian & Keeling 2007).

Mitochondrial genome of the endosymbiont of D. baltica
Previous work in the lab revealed the presence of COX1-3, COB (complex II and
IV of electron transport chain) and LSURNA genes in the mitochondrial genome of the
endosymbiont of Durinskia baltica. My goal was to sequence new markers from the
mitochondrial genome of the endosymbiont, in order to determine the degree of genome
degeneration in this enigmatic organelle, with the hope to further our evaluation of its
functional integrity. Here I report the sequencing of two more markers which are
components of complexes I and V in the electron transport chain. Functional components
of these complexes have not been previously found in D. baltica. Identification of these
genes supports the notion that the endosymbiont mitochondria have a functional electron
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transport chain capable of generating ATP, making these organelles unique phenomena in
the history of evolution.

3.2 MATERIALS AND METHODS
Culture growth and nucleic acid isolation
Cultures of Durinskia baltica CS-38 obtained from CSIRO Microalgae Supply
Service (CSIRO Marine and Atmosphere Research Laboratories, Tasmania, Australia)
were maintained in f/2-Si medium on a 12/12 light/Dark cycle at 22 °C. A combination
of antibiotics, including 25 jig/mi penicillin G, 25 jig/mi streptomycin, 240 jig/mi
gentamicin and 46 jig/mI ciprofloxacin was added to all cultures used for molecular work
to eliminate bacterial contamination. Cells were harvested by several rounds of
centrifugation at 8°C for 5mm @4000Xg. For nucleic acid extraction -‘100mg of cells
were crushed on liquid nitrogen with mortar and pestle. Whole cell DNA was purified
using DNeasy Plant DNA isolation kit (Qiagen, Mississauga, Ontario). RNA was
extracted using TRIZOL reagent (Invitrogen).

Primer design and Cloning
Sequence of the mitochondrial genome of Phaeodactylum tricornutum was
graciously provided by Marie-Pierre Oudot-Le Seqc. Protein sequences from this genome
were aligned with those of a related diatom Thalassiosira pseudonana (CCMP1335)
using CLUSTALW. Degenerate primers were designed to most conserved stretches of
protein sequence alignments (table 3.1). PCR and RT PCR were performed using Taq
DNA polymerase and Superscript UI one-step RT system respectively (Invitrogen).
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Products of the appropriate size were gel-purified using the Qiagen gel extraction kit.
These were cloned into TOPO TA cloning vector and TOP1O competent cells
(Invitrogen). DNA purified from eight separate clones was sequenced using Big dye 3.1
capillary sequencing.

Table 3.1 Degenerate primers used to amplify NADH5 and ATPase9 from the
mitochondria of the endosymbiont of D. baltica.

GENE
NADH5

ATP9

Primer sense
Outer Forward
Outer Reverse
Inner forward
Inner reverse
Outer Forward
Outer Reverse
Inner forward
Inner reverse

Primer sequence
5’ -CAAATGTTCGTGGGATGGGARGGNGTNGGN-3’
5’ -AACGCCAGCAGTAACCATNGTNGCNGCRTG-3’
5’- CAGGCTAATAARGCGGCNATHAARGCNATG-3’
5’ -TACAGGAGTTGGTCCYTCCATNGCRTCNGG-3’
5’ -GGAGCAGGCCTGGCNACNATHGGNMTN-3’
5’-CATGAGCGCGAANAKNGCDATNGCYTC-3’
5’ -GCTGGTGCTGGNGTNGGNATHGGN-3’
5’- GGTGAGGGCRAANCCNAKDATNGC-3’

Phylogeny of mitochondrial proteins
The obtained DNA sequences were translated in and aligned with protein
sequences of other organisms using CLUSTALW. Phylogenetic analysis was performed
using PHYML version 2.4.4, using maximum likelihood analysis with a bootstrap value
of 100. William and Goldman mode of substitution was used, with 4 gamma rate
categories and a portion of invariable sites. Gamma parameter alpha and proportion of
invariable sites were estimated from the data.
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3.3 RESULTS AND DISCUSSION

The genes ATP synthase FO subunit 9 and NADH dehydrogenase subunit 5 found in the
mitochondrial genome of the endosymbiont of Durinskia baltica.
Fragments of the genes ATPase9 and NADH5 from the mitochondria of the
endosymbiont of Durinskia baltica were successfully sequenced from 4 and 6 different
clones respectively. NADH5 of the closely related P. tricornutum is —670 amino acids
long, whereas ATPase9 is 75 amino acids long; the fragments cloned from the respective
genes of D. baltica were 77 and 52 amino acids long, representing only small, midportions of these genes. NADH5 was also amplified from whole RNA using ReverseTranscription PCR, indicating that it is expressed.
Several lines of evidence suggest these markers are found in the mitochondrial
genome of the endosymbiont. Phylogenetic analysis consistently placed the gene
fragments with diatom mitochondrial genes. Low bootstrap values in both phylogenetic
trees can be accounted for by the relatively short length of these gene fragments, which
results in weaker support for their placement in the tree. Unfortunately dinoflagellate
genes could not be included in the analysis as homologues of mitochondrial NADH5 and
ATPase9 were not found in the NCBI, or PepDB databases (Fig 3.1, 3.2).
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Figure 3.1 ATP synthase FO subunit 9 maximum likelihood phylogeny (ML). Major lineages are
delineated by square brackets and labeled on the right. Genes from all lineages included in the analysis
were identified as ATPase9 in NCBI blast. Gene from Durinskia baltica shown in black box, grouping with
diatoms.
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Figure 3.2 NADH dehydrogenase subunit 5 maximum likelihood phylogeny (ML). Major lineages are
delineated by square brackets and labeled on the right. Genes from all lineages included in the analysis
were identified as NADH5 in NCBI blast. Gene from Durinskia baltica shown in black box, grouping
with diatoms.
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Having identified the genes isolates as belonging to the diatom endosymbiont, we
must consider whether they are in fact found in the mitochondrial genome or as many
mitochondrial genes, the endosymbiont nucleus. Nuclear encoded mitochondrial genes
have N-terminal transit peptides that target them back to the organelle as well as higher
abundance of introns and higher GC content characteristic of the host nucleus (Gray et al.
1998). Unfortunately having only small fragments of these genes there is no telling if
transit peptides are present therein, and though no introns were found in either NADH5
or ATP9 it doesn’t exclude the possibility that they may be present in the remaining
sequence. However A/T content in both markers is characteristic of the mitochondrial
rather than nuclear genomes, with ATPase9 having 53.5% AlT and NADH5 having
69.7% AlT. Nuclear genes of both dinoflagellates and diatoms have A/T content of -4648%, (McEwan & Keeling 2004) significantly lower than the range for mitochondrial
genomes which is about 60-80% AlT content (Gray et al 1998).
Studies in the early branching dinoflagellate Oxyrrhis marina indicate that
dinoflagellate mitochondria only contains COX, COB and LSU genes, excluding the
possibility that the markers above could have originated from the host mitochondrial
genome. This fact, along with the phylogenetic analyses and sequence characteristics of
the NADH5 and ATPase9 are consistent with the notion that these genes are found in the
mitochondria of the endosymbiont. Although to confirm their location beyond any doubt
the sequence of the entire mitochondrial genome and placement of these markers therein
is required.
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Functional and evolutionary implications for the presence of electron transport chain
proteins in the endosymbiont mitochondria.

Mitochondrial energy production is mediated by membrane bound protein
complexes I-V of the electron transport chain. Previous work in the lab identified COX13 as well as COB genes, (which are part of complexes

flu and IV) in the mitochondrion of

the endosymbiont. NADH5 is part of complex I whereas ATPase9 is found in complex V.
The presence of these genes in the endosymbiont mitochondrial genome, along with
intact cristae, furthers the notion that this organelle is functional and participates in
energy production.
Two scenarios can account for such functional conservation. Either the
endosymbiosis with the diatom occurred very recently in evolutionary history and the
diatom is in the process of degenerating or it is resisting degeneration, preserving
autonomous energy production. One possible driving force that may prevent
mitochondrial genome degeneration in this scenario is the distinct compartmentalization
of the endosymbiont, namely its large volume, and the membrane separating it from the
host, which may hinder shuttling of ATP from the host to the endosymbiont.
Much work is needed to fully understand the dynamics of genome degeneration in
this non-canonical system. Understanding whether the diatom endosymbiont is currently
degenerating or resisting the process would require more genetic data, and an assessment
of how recently in evolutionary history the endosymbiotic event took place. This would
require drawing comparisons among species with endosymbionts that were incorporated
into their host at different times in history and comparing the degree of genomic and
ultrastructural degeneration of endosymbionts among these species. Such an analysis
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would provide a snapshot of different stages of endosymbiont integration, yielding
unique insight into the dynamics of genome remodeling in endosymbiosis.
Dinoflagellates’ promiscuity and relative ease of plastid uptake makes this group unique
in offering an opportunity to study genome degeneration in endosymbionts of different
origin across evolutionary time, providing scientists with universal understanding of the
evolutionary underpinnings and mechanisms of genome degeneration.
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