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Abstract

The Archezoa hypothesis holds that several living protist groups
constitute primitive eukaryotic lineages that diverged from the main eukaryotic
lineage prior to the endosymbiotic origin of mitochondria. Several aspects of this
hypothesis were tested.

Firstly, elongation factor 1o and B-tubulin genes were developed as
phylogenetic markers for early eukaryote evolution by amplifying several
homologs from mitochondriate and amitochondriate protists. The phylogenies
of these genes suggest that, after a few early branchings, a deep split occurred in
eukaryote evolution that resulted in the emergence of two distinct
protist/multicell superclusters. Interestingly, the amitochondriate Microsporidia
are strongly placed as a sister group to the Fungi in the B-tubulin tree. Statistical
tests using both datasets, the shared presence of an insertion in microsporidian,
fungal and metazoan EF-la genes as well as ultrastructural considerations
suggest that this phylogenetic position is the best supported by the data.

To evaluate the "introns-late" claim that spliceosomal introns are a derived
feature of eukaryotic genome absent in the earliest protist lineages,
triosephosphate isomerase and glyceraldehyde-3-phosphate dehydrogenase
genes were obtained from several of the putatively early-branching eukaryotic
groups. These, along with other homologs, were assembled into intron datasets
and a novel maximum likelihood method was used to evaluate the likelihood of
"introns-early” and "introns-late” models. The latter view was shown to confer
the greatest probability on the data.

In the final two studies, the Archezoa hypothesis was directly tested. A
mitochondrial-like chaperonin 60 gene was cloned and sequenced from the early-
branching amitochondriate protist Trichomonas vaginalis. Phylogenetic analyses
of datasets including this sequence coupled with the hydrogenosomal location
for the protein argues strongly for a common ancestry for hydrogenosomes and
mitochondria. In the last study, several of the early-branching groups were
shown to possess iron superoxide dismutase genes that cluster with
proteobacterial homologs. The means by which these genes were acquired by
these protists are unclear, but the possibility exists that some or all of them may
derive from the mitochondrial endosymbiosis.
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Introduction

The establishment of a paradigm.

The enormous gulf in cell structure between prokaryotes and eukaryotes
was not appreciated by many biologists until the writings of R. Stanier and C. B.
van Niel. In 1962, they attempted to more clearly delimit this boundary in a
landmark work "The Concept of a Bacterium” by emphasizing fundamental
differences between these cell types such as: (1) the presence in eukaryotes, but
absence in prokaryotes, of a nuclear membrane and membrane-bound
respiratory and photosynthetic organelles, (2) the presence of a single
chromosome found in prokaryotes but not in eukaryotes and the occurrence of
mitosis in eukaryotes, lacking in prokaryotes, (3) detailed structural differences
between eukaryotic and prokaryotic motility organelles, and (4) the presence of
peptidoglycan walls in prokaryotes not found in eukaryotes (Stanier & van Niel,
1962). This recognition of these basic differences in cellular properties, led
naturally to the view that both prokaryotes and eukaryotes were evolutionarily
distinct entities. However, during the following decade, the relationship

between these two kinds of entities remained a frustrating puzzle.

Eukaryote origins: symbiosis or direct filiation?

During this period, two kinds of theories regarding these relationships
prevailed, and both assumed that the prokaryotic form was ancestral to the
eukaryotes. One position saw the development of the eukaryotic cell directly
from prokaryotic ancestors by the modification of existing structures and the
origin of some new ones. This hypothesis became known as the "direct filiation"
or "autogenous origin" hypothesis for origin of the eukaryote cell and its
organelles, and it was very much the default view held by cell biologists in the

early 1960s. However in this period, the clear demonstration of DNA enclosed
1
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in chloroplasts (Ris & Plaut, 1962) and mitochondria (Nass & Nass, 1963) set the
stage for the re-emergence of a very different theory that held that these
organelles were acquired by eukaryotes through the endosymbiosis of free-living
bacteria. This latter hypothesis had roots in the writings of a number of
biologists around the turn of the century. Two German scientists, Andreas
Schimper and Richard Altmann, proposed the symbiotic origin of chloroplasts
and mitochondria respectively in the late nineteenth century, and ideas similar to
these were later elaborated by Famintzyn and Merechowsky (in Russia), Portier
(in France) and Wallin (in the United States) in the early twentieth century (see
Sapp, 1994 and references therein). For many years, these symbiotic theories
existed on the fringe of biology, and they fell into obscurity during the middle
part of the twentieth century. However in 1967, two papers appeared that issued
in a new era of support for the endosymbiotic theory of eukaryotic cell origins.

Gokseyr, in a small correspondence to Nature, wrote that eukaryotic cells
might have evolved by a merger or "coenocytic" association of prokaryotic cells
(Gokseyrt, 1967). Once this fusion took place, he argued, a multiple genomed
entity was the result. As a consequence, enormous selective pressure on this
organism to properly segregate its genetic material to daughter cells led first to
the evolution of an efficient mitosis, and later to the origin of the nucleus. Then,
as a response to the increasing oxygen tension in the early atmosphere, this
anaerobe engulfed an aerobic bacterium that eventually became the
mitochondrion and a true aerobic eukaryotic cell was born. Later, cells like these
diversified by the acquisition of symbiotic cyanobacteria into present-day algae
(Gokseyr, 1967).

In the same year, Margulis (then Sagan) elaborated a similar, but much
more detailed, theory of the endosymbiotic origin of the eukaryotic cell. In what
was later referred to as the Serial Endosymbiotic Theory (SET), she argued that
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eukaryotic cells were born out of a stepwise series of endosymbiotic events
(Sagan, 1967). The earliest prokaryotes were photosynthetic or heterotrophic
anaerobes, she claimed, and due to the nature of photosynthesis the oxygen
composition of the atmosphere began to increase. Because of this, heterotrophic
anaerobes of the period suffered heavy negative selection. In response, one of
them engulfed an aerobic bacterium to become an amitotic aerobic
protoeukaryote. The next step was the acquisition, by this amoeboid creature, of
a motility organelle which could have been supplied by a symbiotic spirochaete-
like organism. In her theory, Margulis suggested that this motility symbiosis led
to not only eukaryotic flagella, but also to the development of centrioles and
centromeres, as well as connections between them that would ensure proper
segregation of the endosymbionts and their genes to daughter cells. Similar to
Gokspyr's theory, she proposed that photosynthetic eukaryotes evolved much
later by the acquistion of cyanobacteria in several different events of
endosymbiosis. Central to her arguments was the view that eumitosis evolved
multiple times independently after the acquisition of flagella, and on basis of the
different mitotic patterns observed in diverse eukaryotic groups, she proposed a
phylogeny of protists.

These papers by Gokseyr and especially Margulis, probably led to the
polarization of views regarding the origin of eukaryotic cells that characterized
debate on the subject in the 1970s. In his exposition of a direct filiation
hypothesis in 1969, Allsopp dismissed the idea of a symbiotic origin for
centrioles and flagella, denying that there was any evidence to support the
hypothesis at all (Allsopp, 1969). On the other hand, properties shared between
bacteria and mitochondria and chloroplasts, he argued, were expected on the
autogenous hypothesis of their origin; they were simply retained ancestral

features of the prokaryote that gave rise to eukaryotes. He claimed that this
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hypothesis was far simpler than an endosymbiotic scenario, and, on the basis of
Ockham's razor, it should be preferred. Raff & Mahler also criticized SET theory
by advancing two general arguments against it. Firstly, they suggested that
fundamental properties of eukaryotic cells argued that they were originally
aerobic: the presence of superoxide dismutase in their cytosol and the presence of
sterols and unsaturated fatty-acids in their membranes that are produced via
oxygen-dependent biochemistry. If protoeukaryotes were aerobic, they argued,
what selective advantage would be gained by taking on aerobic endosymbionts?
Secondly, they called on evidence that mitochondria lacked the amount of DNA
required to produce all of their proteins. Hence, the symbiotic theory required
that massive transfer of symbiont DNA to the nucleus must have occurred. A
mechanism for integrating this DNA into the nucleus was, for them, difficult to
conceive (Raff & Mahler, 1972, 1973).

Nevertheless the popularity of the symbiotic theories increased, and
several other defenders began to appear. De Duve argued that even if the
eukaryotic ancestor was aerobic, its biochemistry may not have been as efficient
as other aerobic bacteria; so the selective advantage of taking one on as an
endosymbiont may still have been present (de Duve, 1973). In addition, Raff &
Mahler's argument about DNA transfer was weakened somewhat by the fact that
several years earlier, Stanier had argued that such transfer was of key importance
to the symbiotic theory, as it provided the mechanism by which endosymbiosis
could be made permanent (Stanier, 1970). Taylor also found the DNA transfer
argument weak, since evidence for gene transfer was already appearing in the
literature (Taylor, 1974).

By the early 1970s, the parts of the serial endosymbiosis hypothesis that
dealt with the origin of mitochondria and plastids were rapidly becoming the

dominant view. In an well balanced review, Taylor discussed the relative merits
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of both theories (Taylor, 1974). In particular he discussed at length many cases of
endosymbioses where the symbionts retained their autonomy. The early success
of the symbiotic theory was largely due the abundant evidence of transitional
forms that examples like these afforded. By contrast, few detailed alternative
proposals of autogenous origins of these organelles had been elaborated and
ones that were, seemed awkward at best (Taylor, 1974). However, in 1975, the
debate was refueled by the appearance of a specific alternative autogenous
hypothesis for the origin of the eukaryotes conceived by Cavalier-Smith
(Cavalier-Smith, 1975). Cavalier-Smith argued that symbiotic theories essentially
side-stepped the problem of eukaryote origins since they did not explain how
fundamental features like the nucleus, endoplasmic reticulum and the
cytoskeleton evolved. His view was reinforced by the fact that most advocates of
SET did not believe in Margulis' symbiotic hypothesis for the origin of flagella
and centrioles (Stanier, 1970, Taylor, 1974). Cavalier-Smith postulated a series of
steps whereby a cyanobacterium with aerobic metabolism could be converted
into a primitive eukaryote pre-alga. Following Stanier, he suggested that the
selective force that drove the first steps in the origin of eukaryotes was the ability
to phagocytose prey. Loss of the cell wall and the origin of exocytosis
preadapted the ancestral cyanobacterium to become a phagotroph. The origin of
an actomyosin endoskeleton aided in stabilizing this wall-less organism and also
functioned in controlling the membrane budding and fusion processes that are
characteristic of eukaryotic cells. Cavalier-Smith's theory also provided detailed
mechanisms by which internal membranes evolved from thylakoids and how,
eventually, these membranes were arranged to form nuclei, mitochondria and
chloroplasts. The origin and distribution of DNA between nuclei and the
cytoplasmic organelles were also accounted for in this hypothesis. This paper,

together with a similar theory outlined by Taylor conceived at the same time as
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Cavalier-Smith's proposal but published a year later (Taylor, 1976), revived the
credibility of an autogenous view. In his review, Taylor distinguished several
views including a fully autogenous eukaryotic origin, a partially xenologous
hypothesis and a fully symbiotic origin of the eukaryotic condition. Even though
he had proposed a detailed fully autogenous origin hypothesis, Taylor's
discussion made it clear that he felt that a partially xenologous hypothesis was

the best supported by evidence at the time (Taylor, 1976).

A bit of this one and a bit of that one.

Ultimately, Taylor was right and the partially xenologous hypothesis
eventually emerged as the winner. But, unlike the debate in the 1960s and early
70s, it was data and not a priori feasibility arguments that won the case for the
endosymbiotic origin of mitochondria and plastids, and a lack of comparable
data that rendered the symbiotic origin of flagella untenable. These data were in
the form of molecular evidence for endosymbiosis that started to emerge in the
mid-70s. In 1975, John & Whatley had argued on biochemical grounds that the
purple non-sulfur bacterium Paracoccus denitrificans strongly resembled
mitochondria. Moreover, this organism even possessed membrane invaginations
that resembled mitochondrial cristae. Schwartz and Dayhoff later confirmed
these observations by producing molecular phylogenies of 55 rRNA and
cytochrome c that showed a close affinity between the purple non-sulfur bacteria
and mitochondria to the exclusion of other bacterial groups. At the same time
they showed that plastids were closely allied with cyanobacteria (Schwartz &
Dayhoff, 1978). Around the same time, oligonucleotide cataloguing of small
subunit ribosomal RNAs (SSU rRNA) began to yield similar results. Bonen and
Doolittle showed that the oligonucleotide catalogues of the red alga Porphyridium
cruentum and the green alga, Euglena gracilis showed significantly more similarity
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to cyanobacteria than to other bacteria (Bonen & Doolittle, 1975, 1976). Similarly,
catalogues of SSU rRNA of wheat mitochondria revealed profound similarity to
eubacterial catalogues, suggesting their phylogenetic affinity to the latter group
(Bonen et al., 1977, Cunningham ef al., 1977). Later studies of nucleotide
modification and secondary structural features confirmed the essentially
eubacterial nature of wheat mitochondrial rRNA (see references in Gray, 1983).

These data along with the development of Woese's ideas regarding the
ancient divergence of eukaryotes, Eubacteria, and Archaebacteria indicated that
the genes of organelles shared a more recent common ancestry with homologs in
eubacteria (Woese, 1977). As full-length 16S rRNA sequences appeared in the
1980s, molecular phylogenies converted the endosymbiotic hypothesis for the
origin of mitochondria and plastids into accepted theory (Gray et al., 1984, Yang
et al., 1985, and reviewed by Gray, 1992).

The nature of the host and the most primitive eukaryotes.

Advocates of the autogenous theory in the 1970s had settled on an origin
of eukaryotes from a photosynthetic, probably cyanobacterial stock. As Taylor
explained, this was because the shared features of photosynthetic eukaryotes and
cyanobacteria were too complex to have evolved independently along parallel
lines (Taylor, 1976). Thus, according to these views, the most primitive
eukaryotes were algae. Of these, the rhodophytes were most often suggested as
the most primitive eukaryotes since their plastids shared with cyanobacteria
characters such as phycobilisomes. Conversely, they were distinguished from
higher eukaryotes by possessing a simple cell structure that lacked flagella
(Cavalier-Smith, 1975, Taylor, 1976).

However, for the advocates of the endosymbiotic theory, the nature of the

eukaryotic ancestor was less clear. As mentioned above, Margulis suggested an
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anaerobic prokaryote was this ancestor. It played host first for a mitochondrial
symbiont and next for a flagellar symbiont. The combination of the three cell
types resulted in the emergence of the first true eukaryotes. In her view,
amoeboflagellates such as Tetramitus were representatives of these earliest
eukaryotes because of their aberrant mitosis and a lack of connection between
their basal bodies and the nucleus (Sagan, 1967). But Stanier and Taylor were
both unhappy with this scenario since they did not favour the flagellar
endosymbiosis part of the story (Stanier, 1970, Taylor, 1974). Moreover, Stanier
argued strongly for the host already having developed many of the properties of
a eukaryotic cell prior to endosymbiosis and preferred a version of the theory
whereby plastids were acquired earlier than mitochondria (Stanier, 1970).
Stanier and Taylor both suggested dinoflagellates as candidates for the most
primitive eukaryotes, since they possessed a strange, possibly primitive mitosis
and they appeared to lack histones (Stanier, 1970, Taylor, 1974).

The idea of endosymbiotic origin of plastids and mitochondria led
naturally to musings of whether transitional stages in the process were still
represented amongst living organisms. In her 1970 book, Margulis briefly
mentioned that one protist, the giant amoeba Pelomyxa palustris, was known to
lack mitochondria and that this might represent such a transitional stage. She
cited previous reports that this organism was both amitotic and ameiotic as
evidence for her theory that these processes independently evolved in multiple
lineages. However, the possibility that this organism represented a transitional
stage in the evolution of mitochondria was quickly dismissed because
microtubules had been found in Pelomyxa, suggesting that the motility symbiosis
had already taken place. Since her ordering of events implied that mitochondria
evolved prior to the motility symbiosis, she argued that this organism probably
lost its mitochondria secondarily (Margulis, 1970). However, the protozoologists
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Bovee and Jahn, strongly disagreed. Like others, they were not convinced of a
symbiotic origin for flagella, and they strongly believed that Pelomyxa was a
transitional, primitively amitochondrial organism (Bovee & Jahn, 1973). For the
next decade, this view was echoed by many, and figured prominently in John &
F. R. Whatley's discussion of mitochondrial origins in 1975 (John & Whatley,
1975). In collaboration with her husband, Jean Whatley became one of the most
ardent advocates of the primitive nature of Pelomyxa, and made a detailed study
of its cell structure and its abundant bacterial symbionts with a view to gaining
insight into its primitive nature (Whatley, 1976). Like many others, she was
misled by early reports that nuclear division in this organism was by budding,
not mitosis and that it lacked flagella (Daniels & Breyer, 1967) and she regarded
both conditions as primitive. More recent studies have shown that these early
views were incorrect and mitosis and non-motile flagella do in fact exist in this

organism (Griffin, 1988).

The rise of the Archezoa hypothesis.

After proposing several changes to the dominant endosymbiotic
hypotheses of the time, Cavalier-Smith began to endorse this origin for
mitochondria and plastids in the early 1980s. While he accepted the growing
body of evidence for symbiotic origins of these organelles, he remained
fundamentally opposed to Margulis' hypothesis of a symbiotic origin for the
eukaryotic cell, maintaining his earlier view that the evolution of the nucleus,
endomembrane system and cytoskeleton (including flagella) occurred purely
autogenously (Cavalier-Smith, 1983a).

In 1983, his abandonment of an autogenous origin for mitochondria and
plastids led Cavalier-Smith to propose a protist sub-kingdom, the Archezoa,

containing the earliest eukaryotes that he argued may primitively lack both
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organelles (Cavalier-Smith, 1983a, 1983b). Building on the earlier proposals of
transitional forms, Cavalier-Smith suggested that there were four protist phyla
that could lack mitochondria and plastids primitively: the Archamoebae (a group
of mostly flagellated amoebae, including Pelomyxa), the Microsporidia (a group
of obligate intracellular parasites), the Metamonada (containing three flagellate
groups: diplomonads, retortamonads and oxymonads) and the Parabasalia
(containing the trichomonads and hypermastigotes). It is curious, that with the
exception of Pelomyxa, none of these organisms were previously proposed to
represent transitional forms, since their amitochondrial, aplastidic nature had
been documented by the early 70s. Yet only three years after Cavalier-Smith's
proposal, the first ribosomal RNA sequence appeared for a member of one of
these groups, the microsporidian parasite Vairimorpha necatrix, revealing that it
possessed a fused 5.85 and 28S large subunit ribosomal RNA species (LSU
rRNA), a feature it shared with prokaryotes to the exclusion of all other
eukaryotic groups (Vossbrinck & Woese, 1986). Later, the sequence of the small
subunit rRNA (SSU or 18S rRNA ) species of this organism was completed and a
phylogenetic tree of existing eukaryotic and prokaryotic sequences placed V.
necatrix as the deepest in the eukaryotic lineage (Vossbrinck et al., 1987). Soon
after, Sogin et al. (Sogin et al., 1989) sequenced the ribosomal RNA of the
diplomonad parasite, Giardia lamblia, and their phylogenetic analysis showed that
this organism branched even earlier than V. necatrix. A member of a third
amitochondrial group, the trichomonads, was represented on the SSU rRNA tree
within the same year (Sogin, 1989), and, once again, the organism branched
deeply . All of these results were consistent with Cavalier-Smith’s original
contention that the Microsporidia, diplomonads, and trichomonads at least, were
primitively amitochondrial eukaryotes. As ribosomal RNA sequences
accumulated, others began to discuss the possibility that these multiple
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independent early-branching protist lineages could be primitively
amitochondrial (Embley et al., 1994, Schlegel, 1994, Margulis, 1996). Some, like
Patterson and Sogin, recognized this possibility by coining an alternative name,
the Hypochondria, for a primitively amitochondrial assemblage (Patterson &
Sogin, 1992).

Since his original proposal, Cavalier-Smith's own views have changed
frequently on the exact composition of the Archezoa. For instance, in 1987 he
argued that trichomonads should be excluded since they possessed
hydrogenosomes, mysterious energy-generating organelles that he believed most
probably evolved from mitochondria (Cavalier-Smith, 1987a). Later, Entamoeba
histolytica was removed from the Archamoebae because of rRNA evidence that
suggested that it had secondarily lost mitochondria (Cavalier-Smith, 1993a). In
his most recent writings, Cavalier-Smith has abandoned the Archamoebae
altogether in response to new rRNA evidence that none of these amoebae
represent deeply diverging organisms (Cavalier-Smith & Chao, 1996, see Chapter
1). By contrast, Patterson’s views much more closely resemble the original
Archezoa hypothesis. He maintains that all of the amitochondriate groups
originally named by Cavalier-Smith primitively lack the organelle (Patterson,
1994).

Testing hypotheses of cell and molecular evolution.

From the foregoing discussions it should be clear that over the past four
decades, hypotheses about early cell evolution have vastly outnumbered
rigourous tests of their implications. The speculative tone of much of what was
written in this period was largely due to the inability to collect data that would
bear directly on the historical sequence of events that took place 1-2 billion years

ago during the origin of eukaryotes. The technical revolutions in molecular
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biology, however, started to shift the emphasis of the field from a priori
reasoning, to experimental testing in the late 1970s. The subsequent confirmation
of the endosymbiotic hypothesis of plastid and mitochondrial origins during the
next decade was surely one of the first and most impressive demonstrations of
the power of molecular phylogenetics.

The central aim of this thesis is to test some the implications of some of the
contemporary theories about early eukaryote cell and genome evolution.
Reconstruction of early eukaryotic phylogeny and reconstruction of the early
events in evolution of the eukaryote cell are the complementary twin themes of
this work.

The Archezoa hypothesis described above makes two related claims: the
first is that several amitochondrial protist groups constitute the most deeply
branching eukaryotic lineages and the second is the claim that these lineages
diverged prior to the endosymbiotic origin of mitochondria. In Chapter 1, I
attempt to develop two protein-coding genes, elongation factor lalpha and B-
tubulin as molecular phylogenetic markers to test the first claim. The results of
this study suggest that only two of the three deeply branching groups in rRNA
trees, diplomonads and trichomonads, are confirmed to be deeply branching in
the trees of these proteins. The third, the Microsporidia, appears to belong much
higher in the eukaryotic tree as a sister group to Fungi, suggesting the secondary
loss of mitochondria in this group. Furthermore, these protein trees, in constrast
to rRNA trees, provide evidence that after the early divergences described above,
a deep split occurs in eukaryote phylogeny to produce two protist/multicell
superclusters. This alternative view of eukaryotic evolution is supported by
other molecular and morphological evidence.

Chapter 2 deals with the origin and evolution of the introns in eukaryotic

genes, a subject that has engendered much debate among molecular biologists
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over the last two decades. Sequences of two genes, glyceraldehyde-3-phosphate
dehydrogenase and triosephosphate isomerase, were obtained from a variety of
putatively early-branching organisms to reveal whether they contained introns.
In addition, I develop an objective method that relies on likelihood models of
intron evolution to reconstruct the history of intron evolution in these two gene
families and show that the introns in them have evolved relatively recently in
eukaryotic lineages.

The study in Chapter 3 is the result of a collaborative effort between this
author and Graham Clark to address the second claim of the Archezoa
hypothesis in relation to one of the amitochondriate protist groups, the
trichomonads. This second claim can be tested: if an organism has diverged after
the endosymbiotic origin of mitochondria, relics of the endosymbiosis may
persist. We searched for, and found, one such relic: a mitochondrial-like
chaperonin 60 gene in the trichomonad Trichomonas vaginalis, indicating that
mitochondrial endosymbiosis took place before the divergence of this organism.

Finally, in Chapter 4 of this thesis, studies of iron superoxide dismutase
genes in deeply branching eukaryotes are briefly described. The results obtained
indicate that homologs of this gene were likely acquired by the eukaryotic
lineage from Proteobacteria through one or several events of lateral transfer. If
this event was the origin of mitochondria, then the endosymbiotic origin of this
organelle may have occurred even earlier, prior to the divergence of

diplomonads.



Materials and Methods
Organism culture.

Both Giardia lamblia, strain WB (ATCC#30957) and diplomonad 50380 (also
called Hexamita sp., ATCC#50380) cultures obtained from the ATCC were grown
in 15ml glass culture tubes in Keister's modified TY-I-533 medium (Keister, 1983)
supplemented with 250 pg/ml streptomycin and 165 pg/ml penicillin. Giardia
lamblia trophozoites were incubated at 37°C while Hexamita sp. were incubated at
15°C. After significant growth was observed a small portion of the culture was
used for subculturing into fresh media while the remainder was harvested by
centrifugation and frozen for DNA extraction.

A mixed culture of Trepomonas agilis and mixed bacteria (agnotobiotic)
was obtained from T. Cavalier-Smith's laboratory. The cultures were maintained
at 25°C in 50 ml plastic culture dishes in 30 ml of TGYM-9 media (recipe taken
from the 1991 ATCC catalogue). After significant flagellate growth was observed
under the light microscope the cultures were centrifuged at low speed to
preferentially pellet the large eukaryotic cells. Several rounds of low speed spins
were performed with resuspension in PBS buffer. The washed cell pellet was
then frozen.

A culture of Acrasis rosea (strain T-235) was obtained from F. Spiegel
(University of Arkansas). Acrasis cells were maintained on 1.5% agar plates
supplemented with 0.01% malt extract and 0.01% yeast extract with the yeast
Rhodotorula mucilaginosa as a food source. Liquid media, consisting of 0.05% yeast
extract, 0.25% proteose peptone, 0.1% glucose buffered with 3 mM Ko2HPO4/16
mM KH POy, was innoculated with a small block of solid media containing the
yeast and amoebae and flasks were shaken slowly for 4-5 days at room

temperature until significant Acrasis growth was observed under the light
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microscope. Cells were harvested by centrifugation and frozen for DNA

extraction.

DNA sources and extraction procedures.

Diplomonads. Cell pellets were resuspended into lysis buffer consisting of 0.5%
SDS, 300 pg/ml proteinase K, 0.1 M NaCl and 1 mM EDTA. This mixture was
incubated at 50°C for 1 hour to allow digestion and lysis to occur. The mixture
was then gently extracted (to avoid extensive shearing) once with an equal
volume of tris-buffered phenol (pH 8.0), a second time with
phenol/chloroform/iso-amyl alcohol (in a 25:24:1 ratio) and a third time with
chloroform /iso-amyl alcohol (24:1 ratio). The supernatant was mixed with 2
volumes of ethanol and centrifuged at 12,000g for 20 minutes. The nucleic acid
pellet was washed once with 70% ethanol, dried, then resuspended in sterile
deionized water.

Acrasis rosea. The mixture of Acrasis and yeast cells was resuspended in lysis
solution containing 200 mg/ml proteinase K and 1% SDS and was incubated at
50°C for 1 hr. This treatment selectively disrupts the acrasid amoebae leaving the
hard chitinous Rhodotorula cells intact. The yeast cells were subsequently
removed by centrifugation and DNA was purified from the supernatant by
extraction with phenol, phenol/chloroform/isoamyl alcohol and chloroform as
described above. The nucleic acid in the supernatant was then precipitated with 2
volumes of ethanol and 0.1 volumes of 3M sodium acetate (pH 5.0), centrifuged
and washed with 70% ethanol. The DNA prepared by this method was extracted
further to remove carbohydrates as described below.

Nosema locustae. Spores from this organism were obtained from several
sources. One millilitre of frozen washed spores was obtained from the ATCC
(ATCC#30860). Another 10ml (1x1011 spores) of washed spores were obtained
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from L. Mearril at the biocontrol company M&R Durango in Colorado. DNA
was extracted from Nosema spores by grinding them with a mortar and pestle
with liquid nitrogen. Several millilitres of a buffer containing 3% SDS, 50 mM
EDTA and 50 mM tris-HCI pH 7.5 were added during grinding. Periodically, a
small sample of the mixture was examined under the light microscope to
determine the percent of spores that had been disrupted. After approximately 50-
70% of spores appeared disrupted, the entire mixture was extracted 3 times with
phenol, phenol/chloroform/iso-amyl alcohol and chloroform respectively and
DNA was precipitated as described above. DNA prepared from Nosema using
this technique typically did not digest with restriction enzymes. This was
probably due to the presence of co-precipitating carbohydrates, which were

removed as described below.

Purification of genomic DNA from carbohydrates.

This procedure was developed by Clark (C. G. Clark, pers. comm.) for
purification of DNA from carbohydrate-rich protist cells. It involves taking the
DNA prepared as described above and mixing it to a final concentration of 0.7 M
NaCl and 1% CTAB. The mixture is incubated at 65°C for 30 minutes then
extracted twice with an equal volume of chloroform. The carbohydrate/CTAB
complex forms an insoluble layer between organic and aqueous layers during
extraction. The supernatant was carefully removed and DNA was precipitated
with 2 volumes of ethanol, 0.1 volume sodium acetate, pH 5.0. The pellet
obtained from centrifugation was washed twice with 70% ethanol and

resuspended in sterile deionized water.
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Genomic DNAs received as gifts.
Heteroloboseans. Genomic DNA from axenic cultures of two different strains of
Naegleria andersoni were obtained as gifts. Dr. S. Kilvington (Bath Public Health
Service, Bath) generously provided DNA from N. andersoni (strain PPFMB-6) that
was used in the isolation of a partial glyceraldehyde-3-phosphate
dehydrogenase homolog from this organism. Dr. J. de Jonckheere (Instituut voor
Hygeine en Epidemiologie, Brussels) provided DNA from the A-2 strain of this
species which was used in the isolation of an elongation factor 1-alpha (EF-10)
homolog. Dr. G. Hinkle (Marine Biological Laboratory, Woods Hole, MA)
provided genomic DNA from a culture ofTetramitus rostratus (ATCC# 30216)
grown with Klebsiella pneumoniae as the food organism.
Trichomonads. Dr. M Miiller (Rockefeller University, New York) kindly
provided genomic DNA from the trichomonads, Trichomonas vaginalis (strain
NIH-C1, ATCC# 30001) and Tritrichomonas foetus (ATCC#30924) and Dr. P.
Johnson (UCLA, Los Angeles) generously provided a cDNA library for T.
vaginalis used in the isolation of EF-1a and chaperonin 60 cDNAs.
Diplomonads. Dr. P Keeling provided DNA extracted from the axenic culture of
diplomonad 50380 described above.
Microsporidia and Entamoebids. Dr. G. Clark generously provided DNA from
the microsporidian Encephalitozoon hellem (strain CDC:0291:V213) grown in cell
culture and the entamoebid, Entamoeba histolytica (strain HM-1:IMSS) grown in
axenic culture.
o-Proteobacteria. DNA from Agrobacterium tumefaciens (strain 19553) and
Rhizobium etli (strain CFN42) used in the isolation of iron-manganese superoxide

dismutase homologs was provided by Dr. P. Keeling.
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PCR primer design.

Regions upon which degenerate PCR primers were based were selected to
meet the following criteria. Blocks of amino acid residues in the protein that
showed conservation over a great variety of phylogenetically distinct groups and
located at the extreme N- and C-termini of the protein were used as the basis for
primer sequence design. These regions were selected to avoid the amino acids
leucine, serine and arginine, all of which possess 6 codons and cause the primer
to be more degenerate. Generally, the four codons at the 3' end of a primer were
made entirely degenerate with respect to the genetic code with the exception of
the last (closest to the 3' end) codon in N-terminal primers, which was truncated
to two bases to avoid degeneracy. Codons greater than four codons away from
the 3' end of the primer were selected to balance the G+C composition of the
primer.

Elongation factor 1a.. Primers for EF-1a were based on those described by
Baldauf and Palmer (Baldauf & Palmer, 1993) and were directed against the
following regions. The 5' primer was based on the sequence VIGHVD (primer 1F)
and was used in conjunction with several 3' primers directed against the regions
GDNV (primer 7R), DMRQT (primer 8R) and QTVAVGI (primer 10R). These had
the following sequences 1F: 5-CGAGGATCCGTTATTGGNCAYGTNGA-3"; 7R:
5-ACGTTGGATCCAACRTTRTCNCC-3';

8R: 5-GGTCGCGACAGTYTGNCKCATRTC-3' and

10R: 5'-GTCTTAAGGCTGTCGNTGNCARAC-3'. Primers 8R and 10R were
designed by S. Baldauf and given to the author as a gift.

B-tubulin. Primers for both B-tubulin and a-tubulin were designed by the author
and only those for B-tubulin were used in this study. The N-terminal B-tubulin
primer, BtubA was based on the amino sequence GQCGNQ while the C-terminal
primer, BtubB was directed against the sequence MDEMEFT and had the
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sequences: 5'-TCCTGCAGGNCARTGYGGNAAYCA-3'and 5'-
TCCTCGAGTRAAYTCCATYTCRRTCCAT-3' respectively.
Glyceraldehyde-3-phosphate dehydrogenase. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) N- and C-terminal primers, GAPN and GAPC were
provided as a gift by M.W. Smith and R.F. Doolittle. These primers were
directed against the conserved amino acid sequences NGFGRI and WYDNE
found at the N- and C-termini of most GAPDH genes and had the sequences:
5'-GAGAGAGCTCRAYGGNTTYGGNMGNAT-3' and
5'-GAGAGAGCTCWYTCRTTRTCRTACCA-3' respectively.
Triosephosphate isomerase. Primers TF-1 and TF-2 were directed against two
different variants of an N-terminal motif in the triosephosphate isomerase (TPI)
protein. Primer TF-1 directed at VGGNWK had the sequence 5'-
ACGTCTCGAGTTCGGTGGNAAYTGGAA-3', TF-2 was directed at VGGNFK
and had the sequence: 5-ACGTCTCGAGTTCGGTGGNAAYTTYAA-3' while TR-
1 was directed against VGGASL, and had the sequence:
5-ATCTCTAGAAGTGATGCNCCNCCNAC-3'.
Chaperonin 60. The isolation of a chaperonin 60 homolog from T. vaginalis was
carried out in collaboration with Dr. Graham Clark. Clark used the following
PCR primers to isolate a partial cpn60 homolog from this organism. Primer
HSP5.4 was based on the amino acid sequence PKVTKDGVTYV and had the
sequence 5-CCAAAARTTACWAAAGATGGAGTTACWGTT-3' while primer
TvHSP3.1, based on GGVAVIKYV had the sequence
5'-CCRACCTTGATRACAGCRACRCCRCC-3'.
Iron-Manganese superoxide dismutase. An alignment of Fe-Mn SOD amino
acid sequences revealed two good candidate regions against which primers were
designed. The 5' primer SODF-1 was based on LEYHHD/GKHH, and had the
sequence 5'-CTCGAATACCACCAYGRYAAGCAYCA-3' and the 3' primer
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SODR-1 was designed against DVWEHAY YT and had the sequence 5'-
GATGTAGTAAGCRTGYTCCCARACRTC-3'. These primers, although based on
conserved sequences in Fe-SOD genes, also amplified Mn homologs in some of

the DN As used.

DNA amplification and cloning of amplified fragments.

Amplification of DNA was carried out using standard methods.
Typically, 10-100ng of genomic DNA was used as a template in 100 pl reactions
with 1uM of each primer, 0.5 units of Taq polymerase, and buffered with 10mM
tris-HCl pH 8.3, 1.5mM MgCl,, S0mM KCl and 0.001% gelatin. These reactions
were covered with 100 pl of sterile mineral oil prior to temperature cycling.
Cycling consisted of 92° C for 1 minute (denaturation), 45-55° C for 1 minute
(annealing) and 72° C for 1-2 minutes (elongation) repeated 35 times with a final
elongation step of 72° C for 10 minutes. Usually 20-50% of a single reaction
containing amplification products was run on an agarose gel (ranging from 0.8-
1.2% agarose depending on the predicted size of the product) and DNA was
extracted from gel slices containing DNA of the appropriate molecular weight
using the Prep-a-gene kit (BIO-RAD). Amplified fragments were ligated into the
pCRII T-tailed vector using the manufacturer's protocol (Invitrogen). Ligations
were precipitated and washed with ethanol (as described above) and

resuspended in sterile deionized water for transformation into Escherichia coli.

Library construction.

A Nosema locustae genomic DNA library was constructed in collaboration
with N. Fast and C. Richardson. The lambda ZAP Express vector, purchased
from the Stratagene company, was pre-cut with BamHI and dephosphorylated
with calf alkaline phosphatase. Our strategy in constructing the library was to
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partially digest Nosema DNA with the four-cutter Sau3AI and size select
fragments in the 6-10 kilobase (kb) range to ligate into the lambda ZAP Express
arms. Total genomic Nosema locustae DNA was isolated and purified as described
above and several test digests with Sau3AI were performed to find a digestion
time that optimized the amount of cut DNA in the 6-10 kb range. For the library,
approximately 6 g of Nosema DNA was cut with 10 units of Sau3Al at 37° Cfor5
minutes under standard buffer conditions. The digest was run on an agarose gel
and fragments between 6-10 kb in size were cut out of the gel. This DNA was
isolated from the gel slice using the Prep-a-gene kit (BIO-RAD). After test
ligations, packaging and titring were completed, it was decided that all of the
remaining DNA isolated from the gel slice would be used in a single ligation
with the lambda ZAP express arms. Following the manufacturer's protocol a
ligation was set up with the insert DNA described above, 1.0 ug of the lambda
ZAP Express arms, 1.0 mM ATP, 0.5 ul of T4 DNA ligase (New England Biolabs)
buffered with 50 mM tris-HCl, 7 mM MgCl,, 1 mM dithiothreitol in a total
volume of 5.0 pl. The ligation was incubated overnight at 15° C and then for 1
day at 4° C. The ligation was then packaged into lambda phage heads with
Stratagene's Gigapack II packaging extract following the manufacturer's protocol
exactly. After packaging, titring of the library revealed that the primary library
contained approximately 8.3 x 104 recombinants. The number of recombinants
lacking inserts (identified by blue plaques on titring plates containing X-GAL
and IPTG) was less than 1%. Assuming a genome size of 6 megabases (mb) for
Nosema locustae (D.]. Streett, pers. comm.) and an average insert size of 7 kb in
the library, this constitutes approximately 97x genome coverage. The entire
library was then amplified (using manufacturer's protocols) to a final titre of 3.0 x

108 plaque forming units (pfu) in a total volume of 30 ml.



Library screening.

For both the T. vaginalis lambda ZAP II cDNA library and the N. locustae
lambda ZAP Express genomic DNA library, essentially the same screening
procedure was employed. This protocol is described in detail in the
manufacturer's (Stratagene) protocols. A brief explanation follows.

Mid-log-phase cultures of E. coli strain XL-1Blue were grown in LB
supplemented with 10 mM MgSO4 and 0.2% maltose. These were pelleted and
resuspended in 0.5 volumes of 10 mM MgSO;. Cells were infected by mixing
diluted phage with 300-600 pl of cells and incubated at 37° C for 15 minutes.
Several millilitres (the exact volume depended on the size of the plates) of melted
NZY top-agarose at 50° C were then mixed with the infected cells and plated on
NZY agar plates. The plates were incubated overnight at 37° C. The next day,
the plates were overlayed with nylon membranes (Colony/Plaque Screen
membranes, DuPont). The membranes were then treated with 0.5 N NaOH to
denature the phage, neutralized with 1 M tris-HCI pH 7.5 and air-dried to fix the
DNA on. To ensure complete fixation, the dry membranes were also irradiated
with UV light in a Stratalinker (Stratagene) under standard conditions.
Hybridization with the radioactive probe was carried out under exactly the same
conditions as for Southern blotting described below.

To obtain hybridizing clones from the T. vaginalis cDNA library (for both
EF-1o and cpn60 genes), approximately 10,000 plaques were screened on the
assumption that the genes were highly expressed and would be well represented
in the cDNA population. To obtain a N. locustae full-length EF-1o homolog,
approximately 40,000 plaques from the genomic library were screened,
corresponding to roughly 47x genome coverage. Isolating single plaques
required secondary screening. Plasmids containing the inserts of interest were

obtained from lambda ZAP clones using the in vivo excision method (Stratagene).
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Excision from the lambda ZAP II vector required the use of the R408 helper
phage while excising plasmids from lambda ZAP Express employed the Exassist
helper phage and the XLOLR strain of E. coli. In both cases, the manufacturer's in

vivo excision protocols were followed exactly.

Southern transfer and hybridization.

Approximately 1-3 g of restricted genomic DNA (from the organism of
interest) was run on an agarose gel for Southern transfer. Before blotting, the gel
was treated with 0.25 N HCl to partially nick and depurinate the DNA followed
by 0.4 N NaOH/0.6 M NaCl to cleave the depurinated sites and finally
neutralized in 1.5 M NaCl/0.5 M tris-HC1 pH 7.5. The gel was then placed face-
down onto wicks immersed in 10x SSC and a nylon membrane (GenescreenPlus,
DuPont) cut to the appropriate size was placed on top of the gel. Upon this,
several layers of Whatman paper (3MM) were placed, followed by a thick layer
of dry paper towels. Southern transfer was allowed to proceed overnight. After
transfer was complete, the membrane was removed from the gel, denatured in
0.4 N NaOH, neutralized in 0.2 M tris-HC1 pH 7.5/1x SSC and dried. The DNA
was fixed onto the membrane by UV crosslinking.

For hybridization, the membrane was wet briefly with 10x SSC, rolled in a
nylon mesh, and placed in 10-15 ml of a pre-hybridization fluid containing 1 M
NaCl, 1% SDS and 1 g dextran sulfate in a hybridization bottle. Pre-hybridization
was carried out for 1-5 hours at 65° C in a Hybaid rotary hybridization oven.
During this time, the hybridization probe was labelled with o-32P-dATP using
either the random-priming strategy employed in the High-Prime kit (Boehringer-
Mannheim) or (for oligos and small DNA fragments) polynucleotidylterminal
transferase (Promega). This latter method introduces several radioactive As on to

a 3'-projecting end of DNA. After pre-hybridization was completed, 500 pg of
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sheared herring sperm DNA was added to the probe solution and the resulting
mixture was incubated at 95° C for 5 minutes to denature the DNA. The probe
was then added to the bottle containing the pre-hybridized membrane and
solution. Hybridization was then carried out at 65° C overnight. After
hybridization, the membrane was washed several times with 100 ml 2x S5C at
room temperature for 5 minutes, several times with 100 ml of 1% SDS, 2x S5C at
65° C for 30-60 minutes and finally once with 500 ml of 0.1x SSC at room
temperature for 30 minutes. Following washing, the membranes were placed in
cassettes with X-ray film (Kodak) at -70° C. Film was exposed for varying
lengths of times depending on the strength of the hybridization signal.

Transformation of E. coli.

DNA was transformed into electrocompetent E. coli (strain DH5oF' or in
some cases XL-1Blue) cells by electroporation in 0.1cm cuvettes (BIO-RAD) using
a BIO-RAD electroporator set at 1.8kVand 200 resistance. Shocked cells were
resuspended in super-broth, grown at 37° C for 30 minutes and then plated on an

appropriate medium (see below).

Manipulation of clones in E. coli.

Clones containing the pCRII, pBS (Bluescript) or pPBK-CMV vectors were
grown and maintained at 37° C on 1.5% agar plates or liquid culture containing
Luria-Bertani (LB) medium supplemented with 100 pg/ml ampicillin (for pCRII
and pBS) or 50 ug/ml kanamycin (for pBK-CMV). If blue-white selection was
employed, plates were overlayed with 50 pl of 2% X-GAL in dimethylformamide
and 5 pl of 100 uM isopropylthiogalactoside (IPTG).



DNA sequencing.

Both manual radioactive sequencing and automated sequencing methods
were employed to obtain the sequence of cloned PCR products or isolated
genomic or cDNA clones. The full-length sequences of genes were obtained
using either a primer-walking strategy or a subcloning strategy. Most sequences
were determined on two strands. However, regions sequenced only on a single

strand were confirmed by several independent sequences.

Sequence entry and contig assembly.

Sequence management utilized software modules from the Lasergene
package (DNAstar). The program Editseq was used for sequence entry and
editing and individual sequences were assembled into contigs using the SeqMan
module with default settings. The nature of the sequences was confirmed by
BLAST searches against the GenBank database. Nucleotide sequences were

translated into amino acid sequences using the DN Astrider 1.1 program.

Alignment and Phylogenetic Analysis.

Amino acid sequences of gene families considered in these studies were
taken from the most recent release of the GenBank database (release 91). Multiple
alignments of these amino acid sequences were constructed with the
CLUSTALW (Thompson et al., 1994) program using default parameter settings.
Regions in alignments that did not appear optimal were subsequently improved
by eye by using a text editor. Once the alignment could not be further improved,
it was imported into the PAUP 3.1.1 program (Swofford, 1993). This program
allows regions of uncertain alignment to be marked by defining character sets

and excluded from the phylogenetic analysis.
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In general, phylogenetic analyses were performed on aligned protein
datasets using three classes of methods: parsimony, distance and maximum
likelihood.

For parsimony analysis, the PAUP 3.1.1 program (Swofford, 1993) was
exclusively employed. Regions of the alignment where some sequences were
incomplete or contained an alignment gap were coded as missing data. A
heuristic search method was employed to find the maximum parsimony tree
whereby 10-50 random sequence addition replicates were performed with tree-
bisection-reconnection (TBR) branch-swapping. These random addition
replicates were employed to avoid getting trapped in regions of local minima in
tree space. Bootstrap analysis (Felsenstein, 1985) used 300-500 resamplings of the
data. The maximum parsimony tree of each resampling of the dataset was found
by a simple sequence addition heuristic search. In all parsimony analyses each
character as well as all character state transitions were accorded equal weight.

Distance analyses were performed using programs from the PHYLIP 3.57c
package (Felsenstein, 1993). Regions of missing sequence data as well as
alignment gaps were scored as missing data. Distance matrices were inferred
from the alignment using the PROTDIST program employing the Dayhoff
PAM?250 matrix as the model of sequence change. This method estimates the
maximum likelihood distance between pairs of sequences. Trees were obtained
by analyzing distance matrices with the neighbor-joining (NJ) method as
implemented in the NEIGHBOR program. Boostrap resamplings were generated
by the SEQBOOT program and analysed as above. The bootstrap majority-rule
consensus tree was constructed using the CONSENSE program. Typically 300-
500 bootstrap replicates were performed depending on the size of the dataset.

To perform maximum likelihood estimation, the versions 2.2 and 2.3 of the

PROTML program from the MOLPHY package were used (Adachi & Hasegawa,



27
1992). In all analyses, the maximum likelihood amino acid transition probability
matrix employed was the Jones, Taylor and Thornton model adjusted to
accommodate amino acid frequencies observed in the dataset (the JTT-F model)
since it has been shown to perform well for several real datasets (Hashimoto &
Hasegawa, 1996). Since the datasets in this study typically included many
sequences, an exhaustive search strategy (i.e. evaluating the likelihood of all
possible topologies) was not feasible due to the computationally intensive nature
of the likelihood calculations. Thus several heuristic strategies were developed to
estimate a maximum likelihood tree for many sequences. The first strategy, used
in Chapter 3, was to search exhaustively for the maximum likelihood tree
containing several constrained subtrees. The semi-constrained portions of the
trees were developed from subtrees found in the distance and parsimony trees.
A second strategy uses the heuristic searching procedure called quick-add OTU
search followed by improvement of the best topology by local rearrangements
(the latter option is only available in PROTML version 2.3). This strategy was
used to find maximum likelihood trees in the analysis of EF-1o homologs in
Chapter 1. Both of these strategies likely do not find the globally optimal
topology but rather find a local maximum likelihood topology. The second
strategy may be superior to the first under conditions where parsimony and
distance methods fail to reconstruct the correct phylogeny, such as extreme
inequalities in the rates of evolution in different lineages. Bootstrap values for
nodes in question were estimated using the resampling estimated log likelihood
(RELL) procedure (Hasegawa & Kishino, 1994) implemented in the PROTML
program with 10, 000 replications (Adachi & Hasegawa, 1992). The method
developed by Kishino and Hasegawa (Kishino & Hasegawa, 1989) was used to
evaluate the standard error of the difference in In likelihood between alternative

topologies. This allows one to test whether tree topologies with higher likelihood
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are significantly preferred over other lower likelihood alternatives. For these
studies, differences of log likelihood greater than 1.96 standard errors
(corresponding to a 95% confidence interval) were considered significant

(Kishino & Hasegawa, 1989).

Intron maximum likelihood analysis.

The evaluation of the most parsimonious reconstructions of introns given
a tree of the genes was carried out using PAUP 3.1.1 (Swofford, 1993).

In order to analyze intron position data using a maximum likelihood (ML)
method, version 4.0 of the PHYLIP program DNAML was employed. The use of
this version of the program was critical since it incorporates a method for
maximum likelihood reconstruction of ancestral sequences at internal nodes in a
phylogenetic tree. The ML model of DNA sequence change employed by
Felsenstein in DNAML has recently been described in detail (Felsenstein &
Churchill, 1996). The model is quite complex, allowing for separate rates for
transitions and transversions as well as allowing one to adjust the transition
probabilities to account for different equilibrium frequencies of nucleotides in the
dataset.

In order to evaluate intron data with DNAML 4.0, the data were coded in
the following manner. Every pair of neighbouring nucleotides in a protein-
coding gene can potentially be interrupted by an intron. One can thus represent
the intron sequence of a gene as a series of positions that are either interrupted
by an intron or not. For instance, a gene containing 5 introns and 300 nucleotide
positions would have 294 uninterrupted nucleotide pairs and 5 interrupted pairs.
This information can be represented by a sequence of 299 positions (each

corresponding to a nucleotide pair) each of which is occupied by either a symbol
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for uninterrupted pairs or a second symbol for interrupted pairs. This sequence
will be henceforth referred to as the intron position sequence.

Two intron models were considered for this analysis. The first model
allowed that introns could be both gained and lost, but the rates of intron loss
and gain need not be equal. The second model, a special case of the first, allows
for intron loss, while intron gain is made very very improbable (effectively
impossible). The first model corresponds to both an introns-late model and an
introns-early model where a process of intron gain is allowed to operate. The
second model corresponds to a strict introns early model where introns are never
inserted (referred to as the "hard" introns early model). For a more detailed
discussion of these models and their relevance to the intron debate, see the
introduction to Chapter 2. Both of these models actually correspond to a special
case of the DNAML 4.0 nucleotide model where only two kinds of bases,
pyrimidines (Y) and purines (R), are considered (J. Felsenstein, pers. comm.). The
intron position sequence described above can thus be written as a series of Y's
(for uninterrupted nucleotide pairs) and R's (for interrupted nucleotide pairs). In
such a model, there are two kinds of transitions possible: intron gain, represented
by Y—>R changes or intron loss, represented by R—->Y changes. The relative rate
of gain to loss can be adjusted using the user-defined base frequencies option.
For instance, if one wishes the model to have a rate of gain which is 9x the rate of
loss, then one sets the equilibrium frequencies of R and Y in the model to be 0.9
and 0.1 respectively (this is due to the fact that if this ratio of rates is 9:1, then the
frequencies of R's and Y's in the dataset will converge on these proportions at

equilibrium).
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Testing the alternative intron models.

The intron positions in various homologs of TPI and GAPDH for which
full-length genomic sequences were available were compiled and the intron
position sequences for each taxon were thus determined. The alignment of these
sequences was inferred by superimposing it on the amino acid sequence
alignment. For GAPDH and TPI proteins both gene trees, inferred from protein
distance analysis (using the PROTDIST program employing the Dayhoff model
followed by neighbor-joining analysis using the NEIGHBOR 'program (see
citations above), and user-defined trees were used in the tests of alternative
intron models. The user-defined trees were constructed by altering the distance
tree topology to more closely match other phylogenies of the species (inferred
from small subunit rRNA, EF-1o. and tubulin comparisons) taking into account
specific gene-tree anomalies.

To distinguish between the gain and loss model versus the loss-only
model described above, DNAML 4.0 was used to calculate the In likelihood (InL)
of observing the intron sequences given the tree and the model of evolution. A
curve was then constructed by plotting InL versus a series of different user-
defined ratios of the rates of gain to loss ranging from extremely low to high
values. The peak of this curve is considered to be a maximum likelihood
estimate of this ratio and a 95% confidence interval on this estimate is bounded
by the ratios having a In likelihood within 1/2 X2, with 1 degree of freedom of
the maximum In likelihood (Edwards, 1972, J. Felsenstein, pers. comm.). If the
loss-only model were correct, then the maximum likelihood estimate of the ratio
of gain to loss would not be significantly different from 0.

In order to distinguish between an introns early view and an introns late
view where both intron gain and loss are incorporated into the model, the

maximum likelihood reconstruction of ancestral sequences option of DNAML 4.0
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was utilized. An introns early view would have it that the common ancestor of
prokaryotes and eukaryotes possessed at least a single intron in their GAPDH
and TPI genes (see the introduction to Chapter 2). Since neither of the trees of
these genes can be rooted to define the node of this common ancestor, it was
necessary to examine the two nodes between which the root is likely to fall. By
evaluating the reconstructed ancestral sequences at these nodes, it was possible
to evaluate whether a node between them contained introns. If either of these
neighbouring nodes possessed introns in the reconstructed ancestral sequences,
then the introns-early view was considered supported. If neither of them
possessed introns, then this view was rejected and the introns-late view was
supported. Since the reconstructed ancestral sequences are probability estimates,
it was also possible to evaluate the confidence of each position in the ancestral

sequence reconstruction.



Chapter1
INTRODUCTION

In the last decade, phylogenetic analysis of small and large subunit
ribosomal RNA sequences from diverse eukaryotic groups has revolutionized
our understanding of eukaryotic phylogeny, allowing us to define major
monophyletic eukaryotic groups as well as suggesting probable branching orders
among these groups. Currently, the two prokaryotic groups, the Archaebacteria
and Eubacteria, root the SSU rRNA tree of eukaryotes such that three
amitochondrial protist groups form the deepest branches of the eukaryotic
lineage: the diplomonads, the microsporidia and the trichomonads (Sogin, 1991,
Leipe et al., 1993, Cavalier-Smith, 1993a, Embley et al., 1994, Cavalier-Smith &
Chao, 1996). These trees are most parsimoniously viewed as consistent with
Cavalier-Smith's original hypothesis, proposed on the basis of ultrastructure, that
these lineages diverged prior to the endosymbiotic origin of mitochondria and
thus form a paraphyletic group he calls the Archezoa.

Another group suggested to be primitively amitochondrial, the
Archamoebae, do not appear to be deeply-branching in ribosomal RNA trees.
Ribosomal RNA sequences from members of this group such as Entamoeba
histolytica, Phreatamoeba balamuthi and most recently Pelomyxa sp. all appear to
diverge later in rRNA trees as independent amitochondriate lineages arising
from within the mitochondrial eukaryotes (Sogin, 1991, Hinkle et al., 1994, Morin
& Mignot, 1995).

In addition to placing these amitochondrial protist groups, rRNA
phylogenetics has yielded candidates for the earliest diverging mitochondrion-
containing groups. The Euglenozoa (trypanosomatids, bodonids and euglenoids)
and the Heterolobosea (schizopyrenid amoeboflagellates and acrasid slime

moulds), are early-branching lineages in SSU rRNA trees, with the former group
32
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usually occupying the deepest position amongst mitochondriate eukaryotes
(Sogin, 1991, Hinkle & Sogin, 1993, for an exception see Cavalier-Smith, 1993a).

As ribosomal RNA data have accumulated, the outline of early eukaryotic
phylogeny inferred from these data has been challenged on several fronts.
Cavalier-Smith, Patterson and O'Kelly have all developed separate phylogenetic
schemes for the early branching order of the eukaryotes by considering both
ribosomal RNA trees and ultrastructural data of the relevant groups (Cavalier-
Smith, 1993a, O'Kelly, 1993, Patterson, 1994). Each of these schemes differs from
the others and from most published ribosomal RNA trees.

A second challenge comes from the fact that different analyses of IRNA
with different taxonomic samplings appear to yield different results for the
branching order of the deepest groups. For instance, Leipe et al. have shown that
the relative branching order of diplomonads, trichomonads and microsporidia
depends strongly on what prokaryotic taxa are used as outgroups in the analysis
(Leipe et al., 1993). They suggested that the extremely high G+C composition of
deeply-branching sequences such as Giardia lamblia and low G+C composition of
others like Vairimorpha necatrix coupled with similar biases amongst outgroup
taxa may be responsible for this effect. Recently, an analysis by Galtier and Gouy
has confirmed that base composition is biasing the early branching order of
eukaryotes, and they have proposed a phylogenetic method for dealing with the
problem (Galtier & Gouy, 1995).

The existence of alternative phylogenetic hypotheses based on
ultrastructure as well as potential lack of resolution and biases influencing the
branching order of the SSU rRNA makes it clear that other molecules must be
developed as independent estimators of early eukaryote phylogeny. Progress on
this front is now being made as several protein-coding genes including

elongation factors (FHashimoto & Hasegawa, 1996), DNA-dependent RNA



polymerases (Klenk et al., 1995), V-type ATPases (Gogarten et al., 1996),
glyceraldehyde-3-phosphate dehydrogenase (Martin ef al., 1993, Rozario et al.,
1996, and Roger et al., 1996), - and B- tubulin (Baldauf & Palmer, 1993, Edlind et
al., 1996, Li et al., 1996), actins (Drouin ef al., 1995) and hsp70 (Gupta et al., 1994)
have recently been utilized to develop global phylogenies of eukaryotes.
Hasegawa and his colleagues have argued that trees of protein-coding genes
such as these may be less sensitive to base composition artifacts (Hasegawa &
Hashimoto, 1993). As evidence for this, they have shown that homologs of
elongation factor lalpha (EF-1a) and 2 from organisms with a highly biased
nucleotide composition, such as Giardia lamblia, do not display a significantly
biased amino acid composition (reviewed in Hashimoto & Hasegawa, 1996).

In this study, I have chosen to further these efforts by sequencing
homologs of EF-1a and B-tubulin from representatives of some of the putatively
early branching protist taxa. My reasons for choosing these genes are
severalfold.

Elongation factor la and B-tubulin families have very diverse
phylogenetic representation especially for deeply-branching eukaryotic groups
(Hashimoto and Hasegawa, 1996, Edlind et. al., 1996). Since adequate species
representation has been shown to be important in obtaining reasonable
phylogenetic estimates (Lecointre et al., 1993), these datasets seem particularly
well suited to the task of reconstructing the early branching order of eukaryotes.

Both EF-1aand B-tubulin perform essential functions in the cell: EF-1a
delivers aminoacyl-tRNA to the A-site of the ribosome during protein synthesis
while B-tubulin is a primary component of microtubules and microtubule-based
organelles. As a result, both are very highly conserved proteins and homologs

from phylogenetically distant taxa are easily aligned. In addition, each of these
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proteins interacts with multiple other cellular factors suggesting that neither is
likely to be subject to lateral transfer.

Finally, previous studies of EF-la have established that the overall
branching order for this gene is similar to SSU rRNA. However, trees based on
tubulins show a radically different phylogeny (Edlind et al., 1996 and Li et al.,
1996). For example, the microsporidian Glugea plecoglossi is placed significantly
as the deepest branch of the eukaryotes in the EF-1a tree (Kamaishi et al., 1996).
By contrast, trees of both a- and B- tubulin trees show the microsporidia
branching from within the fungi, with significant bootstrap support. This and
other significant conflicts between tubulin, elongation factor and SSU rRNA
phylogenies are puzzling and demand an explanation.

In this chapter [ will attempt to reconcile the differences between EF-1a
and tubulin trees and discuss the kinds of artifacts that may lead to such conflicts
in molecular phylogenies. Furthermore, I will try to develop a consensus view of
early eukaryotic phylogeny that takes into account both molecular and
ultrastructural data.

In order to improve the taxonomic representation in the EF-1ca dataset, I
chose to sequence homologs of EF-1a from members of each of the putatively
early-branching groups including two trichomonads, Trichomonas vaginalis and
Tritrichomonas foetus; one free-living diplomonad, Trepomonas agilis; one
microsporidian, Nosema locustae and three heteroloboseans, Naegleria andersoni,
Tetramitus rostratus and Acrasis rosea. For B-tubulin, I obtained a single sequence

from the microsporidian Nosema locustae.
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RESULTS
Elongation factor 1alpha sequences.

With the exception of T. vaginalis and N. locustae, libraries were not
available for the organisms studied and nearly full-length EF-1a clones were
obtained exclusively using PCR methods. However, due to the fact that only
some primer sets worked with some organisms, different strategies were
employed for some organisms.

For Naegleria andersoni, which failed to amplify an EF-1a homolog with the
1F/8R primer pair (primer 10R was not used as it was designed after this work
was completed), the 1F/7R pair was used and the resulting PCR product
(corresponding to approximately the N-terminal two thirds of the gene) was
cloned and sequenced. Based on the 3' terminal sequence of this product, an
exact-match primer was synthesized and used in conjunction with 8R to isolate
the 3' end of the gene. Due to the presence of multiple copies of EF-1a in this
organism (see below), a number of clones corresponding to the 3' end of this gene
were sequenced to identify one that matched the 1F/7R product exactly in the
region of overlap.

For Acrasis rosea, Tetramitus rostratus and Tritrichomonas foetus, the primer
set 1F/10R was used to amplify a fragment containing most of the
phylogenetically informative coding sequence of EF-1a.. For T. rostratus, two
PCR clones were sequenced and differed at 19 synonymous positions and 1 non-
synonymous position.

The 1F/7R primer pair was used to isolate a fragment of EF-1a from the
diplomonad Trepomonas agilis. Attempts to obtain the 3'end of this gene from
this organism using all available primer sets failed.

To obtain the T. vaginalis EF-1a,, a fragment of the gene was amplified,

cloned and sequenced with the primer pair 1F/7R and used as a homologous
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probe to isolate four cDNAs from a lambda ZAP Il cDNA library. The excised
plasmids of these cDNAs were restricted and the clone containing the largest
cDNA was completely sequenced. The sequence of this cDNA contained no start
codon and the inferred amino acid sequence of the N-terminus aligned with
homologs from other organisms several amino acids downstream from their N-
termini. This suggested that the cDNA was truncated downstream of the 5-UTR
as well as the start codon, consistent with reports of other similarly truncated
¢DNAs isolated from this library (Hrdy & Miiller, 1995). The presence of a UAA
stop codon indicated that the 3' end of the coding region of the EF-1a cDNA was
intact.

An EF-1o. fragment from N. locustae was obtained using the primer set
1F/7R and was cloned and fully sequenced. Repeated attempts to amplify the 3'
end of the gene with a variety of primer sets failed. A lambda ZAP Express total
genomic DNA library was developed for N. locustae partly in order to obtain a
full-length copy of an EF-1a gene from this organism. The 1F/7R fragment was
used as a homologous probe to screen this library. Eight hybridizing phage
clones were isolated after secondary screening and plasmids corresponding to
each were obtained by in vivo excision. Sequencing primers, developed from the
sequence of the 1F/7R fragment, were used to sequence two different genomic
DNA clones to obtain the 5' and 3' terminal regions of the gene. The full length
coding sequence was obtained and consisted of 478 codons. Interestingly 12-24

bp upstream of the ATG start codon, there is an element consisting of

TTTAAAATTTTTTTTTT. Since there are no other genomic sequences published
from microsporidia where upstream and downstream sequence have been
determined, it is not known whether this tract represents a conserved sequence
element involved in gene regulation. Sequences immediately upstream and

downstream of the coding region were compared to sequences in GenBank using
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the BLAST algorithm and no significant hits were detected, tentatively
suggesting that this elongation factor gene is not organized in an operon.

From an alignment of all of the obtained elongation factor amino acid
sequences (Fig. 1.1), it appeared that none of these EF-1a homologs contained

introns.

Trepomonas agilis uses an alternative genetic code.

Translation of the T. agilis PCR product with the universal genetic code
revealed that the sequence was interrupted by 8 stop codons: all of them were
TAA. Recently, the GAPDH gene of this organism was determined (Rozario et
al., 1996) and a single TAA codon was identified and tentatively attributed to the
use of a variant genetic code in this organism. This explanation is very likely
since two other closely related diplomonads, diplomonad 50330 (Hexamita sp. of
Keeling & Doolittle, 1996, or "Spironucleus" sp. of Rozario et al., 1996) and
Hexamita inflata, appear to possess a variant of the universal genetic code where
TAR codons specify the amino acid glutamine (Q) (Keeling & Doolittle, 1996).
The sequence of this partial EF-1a gene strongly supports the view that T. agilis
also contains this variant genetic code. For the purposes of phylogenetic
analyses, all TAA codons in this sequence were translated as glutamine.

It is currently unknown whether this organism also uses TAG codons to code for

this amino acid as in the other diplomonads.

Multiple copies of EF-1a in T. vaginalis and N. andersoni.

For T. vaginalis, N. andersoni and N. locustae, sufficient genomic DNA was
available to make Southern blots to evaluate the copy number of the EF-1a gene
in these organisms. To cut the genomic DNAs, restriction enzymes were chosen

such that they did not cut the homologs that were sequenced. Figure 1.2 shows
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Figure 1.1 Alignment of EF-1o homologs characterized in this study. This alignment is taken
from a full alignment of 79 EF-1a genes of eukaryotes and archaebacteria. Species name
abbrevations are T.va: Trichomonas vaginalis, T.fo: Tritrichomonas foetus; T.ag: Trepomonas
agilis; N.an: Naegleria andersoni: A.ro: Acrasis rosea; T.ro I: Tetramitus rostratus I; T.ro II:
Tetramitus rostratus II; and N.lo; Nosema locustae. Asterisks (*) indicate stop codons.
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Southern blots of total T. vaginalis, N. andersoni and N. locustae DNA using the
cloned EF-1a genes from each organism respectively as hybridization probes. -
Although it is difficult to determine the copy number precisely by this method,
both N. andersoni and T. vaginalis appear to have multiple copies of the gene (4-5
hybridizing bands in the former and 4 bands in the latter (Fig. 1.2A & C)) while
N. locustae likely possesses only a single copy (Fig. 1.2B). The N. andersoni blot
shows that the lanes containing DNA cut with Hhal and HinPI have hybridizing
bands of less than 1 kb. Since the length of EF-1a genes typically exceeds 1200 kb,
it appears that these bands derive from EF-1a copies that contain cutting sites for
these enzymes. The alignment of the EF-1a. homolog sequenced from N.
andersoni revealed 2 insertions relative to other homologs: a 6 amino acid
insertion at positions 185-190 and a 2 amino acid insertion at positions 299-300 in
the alignment (Fig. 1.1). This was somewhat surprising since the amino acid
sequences of EF-1a from independent lineages of eukaryotes are generally highly
conserved in length and do not frequently display unique insertions. In addition,
the presence of unique insertions in a homolog of EF-1a from Porphyra was
shown to be correlated with developmentally regulated expression (Liu et al.,
1996). Together, these facts suggested that perhaps the sequenced N. andersoni
EF-1a fragment could represent a non-constitutively expressed paralogous
variant of the gene. In order to evaluate this possibility, an oligo was
designed against the 6 codon insertion and flanking regions (this oligo had the
sequence: 5'-GCTGATAAGCCAAACTTGGTCCAATTC-3). This was used asa
probe with the N. andersoni Southern blot. It appears that at least 4 of the
possible 5 copies of EF-1a contain the insertion (Fig. 1.2D). From these data, the
presence of a single remaining EF-1a. homolog that does not possess the insertion
cannot be ruled out. Characterization of all of the copies of this gene in this

organism will be necessary to test whether this is true.
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Fiétire 2 Southern blots of various genomic DNAs probed with their respective

EF-1a fragments. (A) Digested Trichomonas vaginalis DNA probed with EF-1a
cDNA. Digestion with Sau3AI and Taq I produced small fragments (not shown).
(B) Digested Nosema locustae DNA probed with homologous EF-1a fragment. (C)
Digested Naegleria andersoni DNA probed with its EF-1a fragment . (D) Blot (C)
reprobed with 27-mer oligonucleotide complementary to the 6 amino acid
insertion and flanking regions in the obtained EF-1a homolog.
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B-tubulin from Nosema locustae.

Amplification using primers BtubA and BtubB using N. locustae DNA as a
template yielded a single fragment of approximately 1200 bp which was cloned
and sequenced. This fragment corresponds to approximately 90% of the coding
region of B-tubulin and aligns easily with homologs of this gene from other

organisms (Fig. 1.3). This sequence also appears to lack introns.

Alignment features.

The 8 EF-1a. sequences described above were entered into an alignment
with 71 other homologs (containing both developmentally regulated and
constitutively expressed homologs). Most of these aligned easily with other
homologs and few gaps were introduced into the alignment. The exception to
this was the N. andersoni EF-1a, which contained two insertions (as described
above), and the N. locustae sequence which shared several small insertions in
common with the G. plecoglossi sequence (and unique to these microsporidia),
and a 15 amino acid insertion occurring at the same place as the 12 amino acid
insertion in metazoa and fungi and an 11 amino acid insertion in G. plecoglossi
(positions 223-237 in Fig. 1.1). The 12 amino acid insertion shared by Metazoa
and Fungi was recently suggested to be a molecular synapomorphy uniting these
groups (Baldauf & Palmer, 1993). The corresponding insertions of the
microsporidia occur in exactly the same position, bear some resemblance to those
of animals and fungi and may be homologous (Fig. 1.4). In addition to
possessing several insertions, the N. locustae EF-10 sequence appeared extremely
divergent from all other eukaryotic and archaebacterial homologs (Fig. 1.1). This
divergence occurs over the entire length of the molecule including the tRNA -
binding regions such as alignment positions 285, 308-310 and 380-388, as well as
the GTP-binding region spanning positions 91-94 in Fig. 1.1 (Liu et al., 1996).
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. . . . - - . 75
N.lo VGSKFWEVISEEHGINNEGHFVGHSSNQLERINVYYNEASSSKYVPRAVLIDLEPGTMD
E.he MREI THLQTGQCGNQVGCKFWET I SGEHGIDQTGKYVGTSDNQLERVNVYYNEASSKKY VPRAVLIDLEPGTMD
N.cr MREIVHLQTGQCGNQIGAAFWOT I SGEHGLDASGVYNGTSELQLERMNVYFNEASGNKY VPRAVLVDLEPGTMD
G.la MREIVHIQAGQCGNQIGAKFWEVISDEHGVDPSGEYRGDSELQTERINVYFNEAAGGRYVPRATLVDLEPGTMD
T.va MVREIVHIQAGQCGNQIGAKFWEVISDEHGIDPTGSYHRDSDLOLERINVYYNEATGAKYVPRATLVDLEPGTSE
E.va MREIVHVQAGQCGNQIGSKFWEVISDEHGIDPTGSYHGDSDLQLERINCYFNEATGGRYVPRATLIMDLEPGTMD

. - . . . . . 150
N.lo SVRAGPLGRLFRPDNF IFGQSGAGNNWAKGHYTEGAEL IDSVLDVVRKEAES SDCLOGFQF THSLGGGTGAGMGT
E.he AVRQGPFGDLFRPDNFVFGQSGAGNNWAKGHYTEGAEL IDSVMDVVRKEAES SDCLQGFQI THSLGGGTGAGMGT
N.cr AVRAGPFGQLFRPDNFVFGQSGAGNNWAKGHYTEGAELVDQVLDVVRREAEGCDCLOGFQI THSLGGGTGAGMGT
G.la SVRAGPFGQIFRPDNFVFGQSGAGNNWAKGHYTEGAELVDAVLDVVRKRSEACDCLOGFQICHSLGGGTGAGMGT
T.va SVRAGQFGQLFRPDNFVFGQSGAGNNWAKGYYTEGQELCESILDVIRKEAESCDCLOGFQLVHSLGGGTGAGLGT
E.va SVRAGPFGQLFRPDNFVFGQTGAGNNWAKGHYTEGAEL IDSVLDVVRKEAESCDALQGFQLTHSMGGGTGAGMGT

N.lo LLISKIREEYPDRMMCTF SVVPSPKVSDTVVEPYNATLSTHQLVENADETFC IDNEALYDICFRTLKLSTPGYGE
E.he LLILSKIREDFPDRMICTFSVVPSPKVSDIVVEFYNATLSTHQLVENADETFC IDNEALYDICFRTLRKMSNPGYGD
N.cr LLISKIREEFPDRMMATYSVVPSPKVSDTVVEFYNATLSVHQLVENSDETFCIDNEALYDICMRTLRLSNPSYGD
G.la LLIAKIREEYPDRMMCTFSVVPSPKVSDTVVEPYNATLSVHQLVEHADEVFCIDNEALYDICFRTLKLTCPTYGD
T.va LLLNKLREEYPDRILSTYSIVPSPKVSDTVVEPYNCTLSVHQLVESADEVFCIDNEALYDICFRTLKLTTPTYGD
E.va LLISKVREEYPDRVMSTYSVIPSPKVSDTVVEPYNATLSVHQLVENADQCFTLONEALYDICFRTLKLTTPTYGD
. . - . . . . 300
N.lo LNHLVSLVMSGVTTCLRFPGQLNADLRKLAVNMVPFPRLHFF IVGFAPLIAQGTSQYRTY SVSELTSQMFDSKNM
E.he LNHLVSLVMSGVTTCLRFPGQLNADLRKLAVNMI PFPRLHFFVVGSAPLIAIGTOKFKTY SVSELTQQOMFDSKNM
N.cr LNHLVSAVMSGVTVSLRFPGQLNSDLRKLAVNMVPF PRLHFFMVGF APLT SRGAHHFRAV SVPELTQOMFDEKNM
G.la LNHLVSLVMSGCTSCLRFPGQLNADLRKLAVNL I PFPRLHFFLVGFAPLT SRGSQIYRALTVPELVSQMFDNKNM
T.va LNHLVSMVMSGTTCALRFPGQLNSDLRKLAVNLVPFPRLHFF IVGFAPLT SRGSQQYRALTVPELTSQLFDNKNM
E.va LNHLVSAAICGTTCSLRFPGQLNCDLRKLAVNMVPFPRLHFFMIGFAPLTSRGSQQYRALTVPELTQOCFDSKNM
. . . - . . 375
N.lo MAASDPRHGRYLTAGLPVFRGK I SMKDVDEQMLQVQTRNSAHFVEWI PNNVKTAVCDI PPSGLIMSATF IGNSTS
E.he MTACDPRKGRYLTVAA-MFRGKISMKDVDEQMSMVQSKNSTLFVEWIPSNVKTAVCDIAPTGLEMSATFVGNTTS
N.cr MAASDFRNGRYLTCSA- IFRGKVSMKEVEDQMRNVQNKNS SYFVEWI PNNVOTALCSIPPRGLKMSSTFVGNSTA
G.la MAASDPRHGRYLTAAA-MFRGRMSTKEVDEQMLNIQNKNSSYFVEWI PNNMKVSVCDI PPRGLKMAATF IGNSTC
T.va MAACDPRRVSYLTS-A-HFRGRMSSKEVDEQMLNIQARNTSYFVEWIPSNVKSAICDIPPRGLKMAATF IGNTTA
E.va MCAADPRHGRYLTCAV-MFRGRMSTKEVDEQMLNVVNKNS SYFVEWI PNNVKASICDT PPKGLKMSTTFVGNTTA
- . . . . - . 450
N.lo IQELFKRISDQOFSVMFRRKAFLHWYTGEGMDEMEFTR
E.he IQELFKRISDQFTVMFRRKAFLHWYTGEGMDEMEF SEAESNMNDLLSEYQQYQDATVEDAEEFLVN®
N.cr IQELFKRIGEQFTAMFRRKAFLHWYTGEGMDEMEF TEAESNMNDLV SEYQQY! QDAGVDEEEEEYEEEAPLEGEE™*
G.la IQELFKRVGEQF SAMFRRKAFLHWYTGEGMDEMEF TEAESNMNDLV SEY! QQYQEAGVDEGEEFEEEEDFGDE*
T.va FRELFTRVDSQFQKMYARRAF THWYVNEGLETVEFDEARSNMTDL IQEYEMYETAG*
E.va IQEVWKRVAEQFTSMFRRKAFLHWYTGEGMDEMEF TEAESNMNDLVSEY QQYQDATAEEEGEFDEDEELDDAMG*

Figure 1.3 An alignment of the partial Nosema locustae -tubulin gene with homologs from
other organisms. The species name abbrevations are N.lo: Nosema locustae; E.he:
Encephalitozoon hellem; N.cr: Neurospora crassa; G.la: Giardia lamblia; T.va: Trichomonas
vaginalis; and E.va: Ectocarpus variabilis. The bolded taxon label indicates the sequence
obtained in this study. Asterisks (*) indicate stop codons. The sequences in the alignment are
selected from a full alignment of 67 B-tubulin homologs.
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Extreme divergence from other eukaryotic EF-1a sequences was also noted for
the G. plecoglossi homolog (Kamaishi et al., 1996).

The N. locustae B-tubulin sequence was aligned with few gaps to 65 other
eukaryotic homologs. No especially unique divergence from other eukaryotic

homologs was noted (Fig. 1.3).

Phylogenetic analysis.

For phylogenetic analysis of both EF-1a and B-tubulin, a subset of taxa
were selected from the alignments to represent all major organismal groups and
exclude those sequences known to be developmentally regulated. To prevent
long branch attraction effects, the highly divergent Entamoeba histolytica sequence
(Edlind et al., 1996) was removed from the B-tubulin dataset. Since the two
Tetramitus sequences differ only by a single amino acid, the T. rostratus II
sequence was not included in the final EF-1a dataset. The final full datasets
contained 38 B-tubulin and 40 EF-1a sequences. Alignment positions were
chosen for phylogenetic analysis by criteria described in the Materials and
Methods. For distance and parsimony analysis, 430 positions of EF-1o and 432
positions of B-tubulin were considered. Partial sequences with a large
proportion of missing data (e.g. Spironucleus muris and Trepomonas agilis EF-1a.
sequences) as well as gapped positions in the alignment were removed from the
datasets for maximum likelihood analysis leaving datasets of 38 taxa and 382

positions for EF-1o and 38 taxa and 394 positions for B-tubulin.

EFla phylogeny.
Neighbour-joining protein-distance, maximum parsimony and maximum
likelihood methods were used to infer trees from the EF-1a dataset, and for each

method bootstrap support for branches was evaluated (Figure 1.5A & B).
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Fig1.4 A possibly homologous insertion in EF-1a genes of Microsporidia, Fungi and
Metazoa. This region corresponds to positions 215-247 in the EF-1a alignment shown in
Fig. 1.1 and is taken from a full alignment of 79 eukaryotic and archaebacterial homologs.
Shaded boxes indicate amino acids located within the insertions that are conserved between
microsporidian sequences and either fungal or metazoan sequences.
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Figure 1.5 Eukaryotic phylogeny inferred from EF-1a sequences. (A) Neighbour-joining (N]) tree inferred from a
distance matrix generated by the PROTDIST program using the Dayhoff option. Parsimony yielded 5 equally
parsimonious topologies of length = 2718 steps all of which differed in minor respects to the NJ. Values at the nodes are
percentage bootstrap support obtained from 300 bootstrap replicates using both NJ and parsimony methaods and the
values are reported in the order: NJ/parsimony. (B) Maximum likelihood tree (log-likelihood =-15217.2) inferred
using the JTT-F model of amino acid substitution. Percentage bootstrap support estimated using the RELL method are

shown at the nodes. For all methods, bootstrap values of <50% are not shown.
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All methods yielded monophyletic microsporidian, trichomonad and
diplomonad groups with strong bootstrap support (Fig. 1.5A & B). Within the
diplomonads, only some of the branchings were strongly supported. In distance
and parsimony trees, Spironucleus muris appeared as the earliest offshoot
followed by Giardia lamblia and Trepomonas agilis with diplomonad 50330 and
Hexamita inflata forming a terminal clade. The branching order within the latter 4
taxa was not well supported by bootstrap analysis. This phylogeny of the
diplomonads conflicts with two recently published phylogenies based on
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and S5U rRNA which
show the two free-living species, Hexamita inflata and Trepomonas agilis as
immediate sister groups to the exclusion of Spironucleus muris (Cavalier-Smith &
Chao, 1996) and diplomonad 50380 (a close relative of diplomonad 50330)
(Rozario et al., 1996). Since both of these latter phylogenies are strongly
supported and mutually congruent, it is most likely that the poorly supported
distance and parsimony trees of diplomonads inferred from the EF-la dataset are
in error. The most significant conflict with other data is the robust placement of
the Spironucleus muris sequence as an outgroup to all other diplomonads in the
EF-1c tree. SSU rRNA phylogeny (Branke et al., 1996, Cavalier-Smith & Chao,
1996) and ultrastructural considerations (Siddall et al., 1992) suggest that the
genus Spironucleus is closer to Hexamita than to Giardia. Thus, it is most likely
that the EF-1a. sequence from S. muris is artifactually misplaced due to an
acceleration of the rate of amino acid substitution in this lineage. Interestingly,
the maximum likelihood tree, which lacks the Spironucleus and Trepomonas
sequences, shows a robust early divergence of Giardia lamblia separated from a
Hexamita inflata and diplomonad 50330 clade, in agreement with GAPDH
phylogeny (Rozario et al. , 1996).
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In contrast to the above mentioned protist groups, the monophyly of the
Ciliophora (represented by Euplotes crassus 1, Stylonychia lemnae and Tetrahymena
pyriformis), the Alveolata (containing these ciliates and the apicomplexan
Plasmodium falciparum ) and the Heterolobosea (represented by Naegleria
andersoni, Tetramitus rostratus [ and Acrasis rosea) were not strongly supported by
EF-10 trees inferred with any of the phylogenetic methods (Fig. 1.5A & B) despite
ultrastructural and molecular phylogenetic evidence that each of these groups is
monophyletic (Page & Blanton, 1985, Hirt et al., 1995, Roger et al., 1996).

In order to examine whether these results were significantly preferred
over the phylogeny predicted from ultrastructural and molecular phylogenetic
studies, the Kishino-Hasegawa test was employed to test alternative topologies
using the maximum likelihood (ML) method (Kishino & Hasegawa, 1989).

Table 1.1A shows the results of this test where the ML topology was
rearranged to contain a Ciliate/ Alveolate tree consistent with ciliate relationships
discerned on the basis of ultrastructure and SSU rRNA phylogenetics (Hirt et al.,
1995). The difference in In likelihood between this tree and the best is 1.00 SE
worse, indicating that it is not significantly excluded at the 5% level (Table 1.1A)
(a Z-value of 1.96 SE corresponds to the 95% confidence interval) (Kishino &
Hasegawa, 1989).

Similarly, a heterolobosean topology was imposed on the ML tree (Page &
Blanton, 1985, Roger, et al., 1996). This test was more difficult since the
maximum likelihood topology of EF-1a has this group as polyphyletic: placing
the acrasid slime mould, Acrasis rosea within the Euglenozoa while the
vahlkampfiid amoebae, Naegleria andersoni and Tetramitus rostratus I, form a weak
clade situated as sister group to a Euglenozoa/Acrasis / Angiospermae grouping
(Fig. 1.5B). To deal with this, a Heterolobosea subtree was created by

alternatively moving Acrasis down as a sister group to the vahlkampfiids and
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moving the vahlkampfiids up to branch with Acrasis (Table 1.1B). Neither
topology is significantly worse than the ML tree: the Heterolobosea as a sister
group to the Euglenozoa/ Angiospermae clade was 1.15 SE worse than the ML
tree, and placing the Heterolobosea within the Euglenozoa was 1.55 SE worse.
Of the two positions of the Heterolobosea, the one interrupting the Euglenozoa is
least preferred. Swapping the Euglena and Heterolobosea branches to make the
Euglenozoa monophyletic improves the likelihood of the resulting tree, although
not strongly (Table 1.1B).

The branching order of major eukaryotic groups in the EF-1c tree.

Trees from each of the phylogenetic methods placed the Microsporidia
clade (containing Nosema locustae and Glugea plecoglossi) as the earliest offshoot of
the eukaryotic lineage with strong bootstrap support, congruent with other
analyses (Kamaishi et al., 1996). However, the methods do not concur on which
groups branch next. Neighbour-joining and parsimony trees have the
diplomonads emerging after the Microsporidia followed by the trichomonads.
Both of these branchings are moderately supported by bootstrap analysis using
the neighbour-joining method (70% and 76% respectively) but poorly supported
by parsimony (<50% in both cases). By contrast, the likelihood method shows
Entamoeba histolytica and Blastocystis hominis as the next earliest divergences,
although bootstrap support for both of these branchings is low. Interestingly, the
maximum likelihood topology shows the diplomonads and trichomonads as a
clade emerging just after Blastocystis.

Extreme differences in the rates of substitutions between different lineages
are well known to cause the failure of phylogenetic methods to reconstruct the
correct phylogeny (Felsenstein, 1978, Hasegawa & Fujiwara, 1993). The extremely

divergent nature of the microsporidian sequences, as evidenced by their
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extremely long branch (approximately 2x as long as any other branch in the trees
in Fig. 1.5), may be responsible for the lack of congruence between methods in
reconstructing the early branching order of eukaryotes. To investigate the
possibility that the Microsporidia

Table 1.1- Imposing a Ciliate/Alveolate and a Heterolobosea tree on the

EF-1a topology

Tree* InL** Aln] *** Z-value****
ML topology -15217.2 0 best

A. Ciliate/ Alveolate tree:

(Pf, (Tp, (81, Ec)) -15228.6 -11.3 1.00

B. Heterolobosea trees:

((Ar, (Tr, Na), (AS, EZ)) -15236.8 -19.6 1.15

(Eg, ((Ar, (Tr, Na)), (Tb, Tc))) -15244 9 -27.7 1.55

((Ar, (Tr, Na)), EZ) -15240.9 -23.7 1.44

*Species and group abbreviations are Pf: Plasmodium falciparum; Tp: Tetrahymena
pyriformis; Sk: Stylonychia lemnae; Ec: Euplotes crassus; Ar: Acrasis rosea; Tr: Tetramitus
rostratus; Na: Naegleria andersoni; Eg: Euglena gracilis; Tc: Trypanosoma cruzi; Tb:
Trypanosoma brucei; AS: Angiospermae; and EZ: Euglenozoa. **Log-likelihood of the
topology. ***difference in InL from the ML topology. ****AInL divided by its standard
error.

were artifactually influencing the topology of the eukaryotic tree, analyses using
each of the methods were performed with these two species removed from the
dataset and are shown in Figure 1.6. All of the methods show the diplomonads
as the earliest offshoot followed by trichomonads. Although the branching of the
diplomonads first is not strongly supported, there is reasonable bootstrap
support (80% and 72% for NJ and ML methods respectively) separating both of
these groups from all other eukaryotes. In addition, the relative branching order
of some crown groups, such as Dictyostelium and Porphyra, changes with the

exclusion of the Microsporidia (Fig. 1.5 & 1.6). Thus it is clear that the relative
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Figure 1.6 EF-1a phylogeny with the Microsporidia removed. (A) Neighbour-joining tree inferred from

pairwise distances estimated by the PROTDIST program using the Dayhoff option. Parsimony analysis

yielded 4 equally parsimonious topologies of length = 2360 steps. Much of the internal structure of the trees was
not conserved between equally parsimonious reconstructions. Bootstrap values on branches were determined from
300 resamplings of the dataset and are shown as NJ/parsimony. (B) Maximum likelihood tree (log-likelihood

= -13580.78) inferred using the JTT-F model of amino acid substitution. Percentage bootstrap support estimated
using the RELL method are shown at the nodes. For all methods bootstrap values <50% are not shown.
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branching order of eukaryotic groups is influenced by the presence of the
Microsporidia, especially when the maximum likelihood method is employed.

After the earliest branchings, the relative branching order of groups in the
EF-1c tree appears to be very poorly resolved. As mentioned above, the
monophyly of the Ciliophora, Alveolata, Heterolobosea and the Euglenozoa are
not well resolved. In addition, the relative branching order of species of these
taxa and the Angiospermae changes with different methods and different species
samplings (Fig. 1.5A &B, Fig. 1.6A & B). One relatively consistent feature is the
placement of at least one heterolobosean (most often Acrasis) and the
Angiospermae in a clade with the Euglenozoa, although this grouping is never
well-supported. In some trees (Figs. 1.5B & 1.6A), a large cluster containing the
alveolates, the Euglenozoa, the Angiospermae and the Heterolobosea is also
evident, but again this group is not supported by bootstrap analysis. The
Metazoa and Fungi always group together in EF-1a. trees with moderate
bootstrap support, congruent with ultrastructural and abundant molecular
evidence that these are sister groups (Baldauf & Palmer, 1993, Cavalier-Smith,
1993a, Nikoh et al., 1994). When Microsporidia are included, this clade is a sister
group to a poorly supported Porphyra/Dictyostelium clade.

B-tubulin phylogeny.

The overall branching order of the B-tubulin trees inferred by neighbour-
joining distance (Fig. 1.7A), maximum parsimony (not shown) and maximum
likelihood (Fig. 1.7B) were similar to recently published phylogenies of this
molecule (Edlind et al., 1996). These analyses have rooted the B-tubulin tree on o-
and y-tubulin paralogs found in other eukaryotes. I chose not to follow this
practice because these proteins are extremely distant to any B-tubulin sequence

and subtrees of each paralog are separated from the others by long unbroken
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Figure 1.7 Eukaryotic phylogeny inferred from $-tubulin sequences. The trees are rooted on

the diplomonad lineage. (A) Neighbour-joining topology inferred from a distance matrix

obtained using the PROTDIST program on the Dayhoff setting. The 12 equally parsimonious trees of
length = 1071 were similar to both of the topologies shown above and differed from each other in the
placement of the Heterokonta and the branching order within the alveolates. Percent bootstrap
support for nodes obtained from 300 resamplings are shown over the branches in the order
NJ/parsimony. (B) Maximum likelihood topology (log-likelihood = -7573.5) inferred using the JTT-F
model of amino acid subsitution. Bootstrap values are estimates obtained from the RELL method.
Bootstrap values of <50% are not shown.
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branches in the tree (see Fig. 2B in Edlind et al., 1996). This property makes them
unsuitable for an outgroup, as they will likely attract any other fast rate
sequences to the base of the tree artifactually (for instance the extremely
divergent E. histolytica sequence in Edlind ef al. (1996) likely groups with the
outgroup for this reason). Instead I have chosen to root the tree on the
Diplomonadida lineage since trees of V-ATPase, SSU rRNA (Cavalier-Smith &
Chao, 1996), hsp70 (Gupta et al., 1994), RNApol ITA (Klenk et al., 1995), EF-2 and
EF-1a (Hashimoto & Hasegawa, 1996) all concur in placing this group as one of
the deepest branches in the eukaryote tree.

If this root is chosen, then the second earliest divergence after the strongly
supported monophyletic diplomonad clade is Trichomonas vaginalis. These two
groups are separated from all others by significant bootstrap values for
neighbour-joining distance and likelihood methods (93% and 94% respectively in
Fig. 1.7A & B). The tree then splits into 2-3 large clades that differ in exact
composition depending on the phylogenetic method. Specifically, two groups,
the Metazoa and the Eumycetozoa (containing the slime moulds, Dictyostelium
discoideum and Physarum polycephalum), differ in their placement between
neighbour-joining distance analysis on the one hand and parsimony and
likelihood on the other. Neighbour-joining places the Metazoa as a poorly
supported outgroup relative to the two other major clades while placing the
Eumycetozoa as a sister group to the Fungi and Microsporidia with moderate
bootstrap support. However, both likelihood and parsimony methods place the
Metazoa as a sister group to the Fungi and Microsporidia (this grouping is
supported strongly by likelihood but only moderately by parsimony), and show
the Eumycetozoa as a sister group (moderately supported by both methods) to a

super-clade containing the Heterokonta, Heterolobosea, Euglenozoa, Alveolata
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(and therefore the Ciliophora) and the Viridiplantae (land plants and green
algae).

By contrast, all methods concur on a close relationship of the
Microsporidia with the Fungi. Neighbour-joining and parsimony analyses show
a monophyletic microsporidian group emerging from within the Fungi,
diverging after the basidiomycete Schizophyllum commune. Likelihood instead
reconstructs a monophyletic fungal clade with the Microsporidia as a sister
group. Parsimony and likelihood bootstrap analyses suggest that a monophyletic
Fungi/Microsporidia clade is extremely well supported (with bootstrap values of
92% and 99% respectively) while neighbour-joining shows moderate bootstrap
support (79%).

Similarly, the clade containing the Heterokonta, Heterolobosea,
Euglenozoa, Alveolata and Viridiplantae is recovered by all phylogenetic
methods, gaining significant bootstrap support from neighbour-joining and
likelihood (96% and 99% respectively) with reduced support from parsimony
(69%). The relative branching order within this grouping is also congruent
among methods. Each method recovers a relationship of the heterolobosean,
Naegleria gruberi to the Euglenozoa (the former sometimes interrupting the latter
group) with this grouping forming a sister to the Viridiplantae. These three taxa
form a clade to the exclusion of a heterokont/alveolate grouping. However, none

of these intergroup relationships is particularly well-supported by bootstrap
analyses (Fig. 1.7).

Reconciling B-tubulin and EF-1a trees.
EF-1c and B-tubulin trees are congruent in recovering a number of
eukaryotic nodes, however, the position of the Microsporidia is strongly

conflicting between trees of these datasets. As mentioned above, the conflicting
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placement of the Microsporidia in either dataset could be a result of several
factors. Firstly, it is possible that the conflicts are a result of lack of phylogenetic
resolution. If either the EF-1a or B-tubulin datasets are not significantly
resolving the position of the microsporidia, then various placements of them
should not be significantly worse than the optimal one using the Kishino-
Hasegawa test. If the conflicts are significant, then either the true gene
phylogenies are different (the Microsporidia have acquired one or other of these
proteins via lateral transfer or one or other of the trees involves comparison
between paralogous homologs) or for one or other of the genes, the phylogenetic
methods are systematically recovering an artifactual topology.

The hypothesis that Microsporidia are a sister group to Fungi was tested
using the EF-1a dataset in two ways. Firstly, the optimal topology (Fig. 1.5A,
denoted tree A in Table 1.2) was rearranged so that the Microsporidia branched
with the Fungi and all other elements of this tree were held constant (tree B in
Table 1.2). This method makes the implicit assumption that the presence of
Microsporidia will not locally influence the topology of the tree. However, if the
extremely long branch of the Microsporidia is artifactually influencing the
topology of nearby nodes, then moving them to a node as far away as the Fungi
may leave a highly suboptimal topology in the region from which they were
moved. In order to account for this possibility, another test was performed using
a tree obtained from the dataset lacking the Microsporidia (Fig. 1.6B) modified to
include the Microsporidia as a sister group to the Fungi (topology C in Table 1.2).
This tree should be optimized in early branches of the tree in a manner
independent of the presence of the microsporidian sequences.

For the first test, the difference in likelihood of tree A and B was highly
signficant (3.02 SE). However, the likelihood of the second tree showing the

Microsporidia/Fungi grouping, tree C, was much higher than tree B and was not
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significantly worse (0.31 SE) that the optimal tree (Table 1.2). This result suggests
that a placement of the Microsporidia with the Fungi is not excluded by the EF-
1o dataset. In addition, the location of the Microsporidia at the base of the
eukaryotes in the optimal tree appears to strongly influence the branching order
in their immediate vicinity. Clearly, this topology is not optimal when the
Microsporidia are removed from the dataset (as shown by the discrepancies
between the trees in Fig. 1.5B and 1.6B discussed above) or when they are located
on a distant branch, as a sister group to the Fungi.

For the B-tubulin dataset, a reciprocal test was performed on several
alternative topologies. Firstly, in order to make the test comparable to the EF-1a
dataset, a maximum likelihood tree of EF-1a sequences was estimated from a
dataset lacking the Archaebacteria as outgroup sequences. The optimal topology
obtained from this dataset displayed Microsporidia as an immediate sister group
to Blastocystis hominis. It is not possible to test this topology with the f-tubulin
dataset, since this gene has not yet been characterized from any Blastocystis

species. However, recently Silberman et al.

Table 1.2- The position of Microsporidia in the EF-1a tree.

Tree* InL** Aln[ *** Z-value****
Tree A-(MS, AB) -15217.2 0 best
Tree B- (MS, FG) -15250.1 -329 3.02#
Tree C- (MS, FG) -15229.5 -12.3 0.31

*Group name abbreviations are MS: Microsporidia; AB: Archaebacteria; and FG: Fungi.
**Log-likelihood of the topology. ***Difference in InL from the ML topology. **** AlnL
divided by its standard error. ¥significant at the 5% level.

have used SSU rRNA phylogenetics and ultrastructural arguments to show that
the parasites of this genus are closely related to heterokont algae (Silberman et al.,

1996). Thus for the B-tubulin dataset, it was possible to test a comparable
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topology by placing the Microsporidia as a sister group to Ectocarpus variabilis
and Achlya klebsiana, the two heterokont sequences available. Since neighbour-
joining trees of this EF-1c dataset and many SSU rRNA trees show the
Microsporidia to be closest to diplomonads and trichomonads, [ also tested
topologies consistent with these relationships.

Although, the microsporidian B-tubulin sequences are not particularly
divergent (Fig. 1.3), two sets of topologies were tested against the optimal
topology in a similar manner to the EF-1a analysis. A first set (denoted set A)
was derived from the optimal topology of the B-tubulin dataset, with the
Microsporidia rearranged to be a sister group with the various taxa mentioned
above. The second set (set B) was derived from a maximum likelihood tree
estimated from a B-tubulin dataset lacking the microsporidian sequences with
the Microsporidia inserted in several places to form the groups under test. The
topologies of the latter set of trees should be independent of any influence
exerted by the microsporidian sequences. The results of these tests on sets A and
B are shown in Table 1.3.

All of the various placements of Microsporidia in the trees of set A were
significantly worse than their optimal position as a sister group to the Fungi.
Interestingly, the placement of Microsporidia with the Heterokonts, reflecting the
maximum likelihood EF-1a topology, has by far the lowest log-likelihood, the
difference being 4.39 SE from the optimal tree. The ML tree of the B-tubulin
dataset lacking the Microsporidia was very similar to the tree shown in Fig. 1.7B,
indicating that the topology is not strongly influenced by the presence of the
microsporidian sequences. All of the set B topologies based on this tree were also
found to be significantly worse than the optimal tree, indicating that these

relationships are all strongly excluded by the B-tubulin dataset.
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Table 1.3- The position of Microsporidia in the f-tubulin tree

Tree* InL** AlnL *** Z-value****
(MS, FG) -7573.5 0 best

Set A-

(MS, HK) -7652.0 -78.5 4.39%

(MS, DM) -7615.2 -41.6 2.72#

MS, (DM, Tv)) -7610.5 -36.0 2.55%#

Set B-

(MS, HK) -7655.5 -82.0 4.34%

(MS, DM) -7618.8 -45.2 2.67#

(MS, (DM, Tv)) -7614.4 -40.9 2.54#

*Species and group name abbreviations are MS: Microsporidia; FG: Fungi; HK:
Heterokonta; DM: Diplomonadida; Tv: Trichomonas vaginalis. **Log-likelihood of the
topology. ***Difference in InL from the ML topology. ****AlnL divided by its standard
error. #significant at the 5% level

DISCUSSION
The phylogenetic position of the Microsporidia within eukaryotes.

The foregoing analysis confirms and extends a recent analysis (Kamaishi
et al., 1996) that showed Microsporidia as branching as the deepest eukaryotic
lineage in phylogenetic trees of EF-1a.. However, using identical methodology, I
have also shown that trees of another protein coding gene, B-tubulin, place this
protist group as a derived eukaryotic lineage with a strong relationship to the
Fungi consistent with other recent reports (Edlind et al., 1996, Li et al., 1996). On
the surface these results seem contradictory. However, the Kishino-Hasegawa
tests shown in Table 1.2 indicate that while a relationship of Microsporidia to
Fungi is not optimal for the EF-1a. dataset, it is not significantly excluded. By
contrast, the relationship of Microsporidia to Heterokonts (suggested by ML

analysis of EF-1a), to diplomonads or a diplomonad/trichomonad clade



61

(suggested by NJ analysis of EF-1a. and published SSU rRNA analyses) are all
topologies significantly excluded by the B-tubulin dataset (Table 1.3). Therefore,
consideration of both of these proteins suggests that a relationship of
Microsporidia to Fungi is the hypothesis best supported by the data.

Two recent analyses of the a-tubulin dataset also report a strong affinity
between Microsporidia and Fungi (Li et al., 1996, P. Keeling & W. F. Doolittle,
pers. comm.). Moreover, the presence of insertions in both microsporidian EF-1a
sequences in the same position as similar insertions unique to the Metazoa and
Fungi (Fig. 1.4) are also suggestive of a relationship between these three taxa.

If this phylogenetic position for Microsporidia is correct, then several
observations need to be explained. Firstly, the recent phylogenetic analysis of an
EF-1a dataset including the microsporidian Glugea plecoglossi, reported a robust
placement at the base of the eukaryotic tree using the maximum likelihood and
maximum parsimony methods (Kamaishi et al., 1996). My analysis also shows
similarly high bootstrap values for this placement using all three phylogenetic
methods. It is difficult to see how this can be reconciled with the Kishino-
Hasegawa test results. The explanation likely rests on biases introduced into the
analysis by the methodology used to recover the ML tree. For instance, Kamaishi
et al. (1996) used a semi-constrained topology to arrive at an estimate of the
maximum likelihood tree. Their constraints included a
Metazoa/Fungi/Plant/Euglenozoa/ Dictyostelium constrained subtree effectively
preventing the consideration of a Microsporidia/Fungal relationship. In my
analysis, the bootstrap values estimated for the ML tree (Fig. 1.5B) are derived
from 200 trees obtained by the heuristic "quick-add OTU" tree-searching
procedure. The accuracy of these bootstrap values obtained by the RELL method
is a function of how well the EF-1a "tree-universe” is represented amongst these

trees. If some nodes and combinations of nodes are not represented in this
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sample of the universe, then the bootstrap values for them will be
underestimated. Conversely, the values for represented nodes will likely be
overestimated. Thus, it is possible that the strongly supported position of
microsporidia in these ML EF-1a trees is due to an artifact of this sort.

Secondly, both of the microsporidian EF-1a sequences are extremely
divergent. Since the branch connecting the Archaebacterial subtree with the
eukaryotes is long and unbroken it is possible that it artifactually attracts the
microsporidian sequences. It has been argued that the ML method is less
sensitive to the long branch attraction phenomenon than other phylogenetic
methods (Felsenstein, 1978, Hasegawa & Fujiwara, 1993, Kuhner & Felsenstein,
1994). Yet, if the inequality of rates between lineages is severe enough, even this
method will be inconsistent (Hasegawa & Fujiwara, 1993, Yang, 1996). In
addition, Lockhart et al. have recently shown that the presence of invariant sites
in datasets can lead both neighbour-joining and maximum likelihood methods to
yield an inconsistent estimate of phylogeny when rates of evolution are different
between lineages (Lockhart et al., 1996). This problem is exacerbated if there are
varying patterns of invariant sites between homologous genes of different
functions. Examination of patterns of conservation of amino acids in the full EF-
1o alignment show that the eukaryotic subset (63 sequences with developmental
isoforms excluded) displays a total of 182 positions that are invariant or vary in
only one sequence. Of these positions, the Microsporidia vary at 86 while
Archaebacteria vary at 75 with the two groups sharing 47 positions variable in
both. Therefore, it seems likely that the effect described by Lockhart et al. (1996)
could be influencing the placement of the Microsporidia in the EF-1a tree,
causing them to artifactually group with the Archaebacteria.

Another observation that requires explanation is the deep placement of

Microsporidia in the SSU rRNA tree of eukaryotes. Recently, Galtier and Gouy
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have analysed this dataset with a method designed to be insensitive to variation
in base composition in different lineages and have argued that their results
provide strong evidence that the Microsporidia are the earliest emerging
eukaryotic lineage (Galtier & Gouy, 1995). However, curing an analysis from one
source of error does not cure it from others. Microsporidian rRNAs also appear
as quite long branches on SSU rRNA trees and are known to display many
aberrant features (Cavalier-Smith, 1993). Moreover, a recent unpublished
analysis (H. Philippe, pers. comm.) suggests that changes in the pattern of
invariable sites in Microsporidia may also account for the deeply-branching
position of these organisms in the SSU rRNA tree. Furthermore other recent
analyses have suggested that many of the branching orders of eukaryotic groups
are unresolved by this dataset (Kumar & Rzhetsky, 1996). Clearly, until all of
these issues are resolved, one must be cautious in interpreting the placement of
Microsporidia in the SSU rRNA tree.

The presence of a fused 5.85/23S rRNA species in the Microsporidia has
been suggested by some authors to be a retained prokaryotic feature in these
organisms that betrays their early-branching position (Vossbrinck & Woese, 1986,
Siddall et al., 1992). However, as Cavalier-Smith has noted, microsporidian
rRNAs tend to display a number of large unique deletions and it is possible that
the processing site for splitting the large subunit rRNA into two species has been
secondarily deleted in the Microsporidia (Cavalier-Smith, 1993a).

Similarly, the lack of mitochondria in Microsporidia has also been argued
to be a primitive trait. However, there is a growing body of evidence that
secondary loss of mitochondrial functions has occurred at least 7 times
independently in eukaryotic evolution (see Chapter 3), probably as an adaptation
to an anaerobic lifestyle. Thus, it is not particularly unlikely that the loss of
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mitochondria has occurred in the ancestors of Microsporidia during the

evolution of their intracellular parasitic habit.

While the observations discussed above do not specifically support an
evolutionary link between Microsporidia and Fungi, several ultrastructural and
molecular features are consistent with this relationship.

For instance, the recent discovery of U2 snRNA in Microsporidia (DiMaria
et al., 1996) is at odds with the lack of spliceosomal snRNAs noted in other
deeply-branching groups such as the diplomonads (Niu et al., 1994) and the lack
of introns in both diplomonad and trichomonad genes (Roger et al., 1994).

The absence of a Golgi dictyosome in Microsporidia was interpreted by
Cavalier-Smith as a primitive feature shared with other archezoan groups such
as diplomonads and oxymonads (discussed in Cavalier-Smith, 1993a). However,
higher fungi such as ascomycetes, basidiomycetes and zygomycetes also appear
to lack this organelle (Cavalier-Smith, 1987b). Placing the Microsporidia within
the Fungi is therefore an equally parsimonious interpretation of the distribution
of this character state.

Another possible link with the Fungi is the lack of flagella and centrioles
during all stages of the life cycle of the Microsporidia, with an intranuclear
spindle forming during mitosis and meiosis from nuclear plaques (Canning,
1990). Both of these features are also characteristic of the ascomycetes,
basidiomycetes and some zygomycetes (Cavalier-Smith, 1987b). In addition, the
meiotic cycle of Microsporidia, which was widely regarded as an aberrant,
possibly primitive one-step process, has recently been argued to be
fundamentally similar to some higher fungal meioses (Flegel & Pasharawipas,
1995). Moreover, the persistence of a diplokaryon state (where two nuclei are

closely apposed in a single cell) in some Microsporidia is also often suggested to
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resemble the dikarya observed both basidiomycete and ascomycete Fungi
(Canning, 1990).

If the Microsporidia are truly related to Fungi, then it is most likely they
arose from within the group sharing a common ancestor with ascomycetes,
basidiomycetes and, possibly, some zygomycetes to the exclusion of
chytridomycetes. Species of the latter fungal group have centrioles, a well
developed Golgi dictyosome, commonly possess flagella in some stages of their
life cycles and are thought to be the most deeply branching of the fungal groups
(Cavalier-Smith, 1987b, Bruns ef al., 1992, Berbee, 1993). Placing the
Microsporidia on a common branch with the other eufungal groups would allow
for a single event of loss of these features in their common ancestor after its
divergence from chytridiomycetes. Characterization of tubulins and other genes

from the full diversity of fungal taxa will be necessary to test this hypothesis.

The early phylogeny of eukaryotes.

If the Microsporidia are not the earliest branching eukaryotic group, then
what group is? The diplomonads are consistently placed as the earliest emerging
eukaryotic group in all of the EF-1a trees obtained from each phylogenetic
method when Microsporidia are removed from the dataset (Fig. 1.6). Although
this placement is not strongly supported in EF-1a analyses, a similar position for
diplomonads is found in phylogenies of many other molecules including V-
ATPases, RNA pol IIA, EF-2, hsp70 and SSU rRNA (see references cited in the
Results). This abundant congruent evidence strongly suggests that diplomonads
are truly the deepest eukaryotic lineage.

The placement of trichomonad flagellates as the next earliest branch is
relatively well supported by both EF-1a and f-tubulin trees (if one accepts the

rooting on the diplomonad branch above). Once again there is congruency for
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this placement with analyses of SSU rRNA (Gunderson et al., 1995) and more
recently the RNA pol [IA enzyme (Quon et al., 1996). A link between these two
groups has always been suspected because of the presence in some species of
both groups of a tetrakont kinetid (found also in other groups such as
oxymonads and retortamonads) and their shared lack of mitochondrial
properties. However, this phylogeny does not agree with Cavalier-Smith's
proposal that the Percolozoa (a large protist assemblage containing the
Heterolobosea, psalteriomonads, and species of Percolomonas and Stephanopogon)
are a deeper branch than the trichomonads (parabasalids) because of the absence
in the former group of a Golgi dictyosome (Cavalier-Smith, 1993b). If we accept
the root above, then both EF-1a and B-tubulin show percolozoans
(heteroloboseans in both cases) as a more recently emerging lineage, implying
the secondary loss of a Golgi dictyosome in this group.

The deeply branching position of diplomonads and trichomonads has
often been regarded as evidence that their amitochondriate nature is primitive. It
is evidence in the form of a parsimony argument: since these organisms lack
mitochondria and branch at the base of the eukaryotic tree, then it is most
parsimonious to assume that mitochondria originated after their divergence. But,
these parsimony arguments are rarely strong, and in Chapter 3, I describe strong
evidence for the secondary loss of mitochondrial function in the trichomonads.
In light of this and other evidence for secondary loss of mitochondrial functions,
one should be cautious in interpreting the phylogenetic position of diplomonads

as evidence for their archezoan nature.
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Moving up the tree.

After the early branchings, the EF-1a tree does not appear to strongly
resolve either the monophyly of established protist groups nor their relative
branching order. For instance the Ciliophora and the Heterolobosea are both
protist groups for which there is much ultrastructural and molecular evidence
(Hirt et al., 1995, Page & Blanton, 1985, Roger et al., 1996), yet their monophyly is
not recovered by this molecule. For the Heterolobosea, there is evidence for
multiple genes in each of the organisms studied and it is possible that one or
several of the sequenced homologs are divergent developmentally expressed
paralogs. Conclusions based on these sequences should be considered tentative
until all of the homologs from each organism are characterized.

The explanation for the lack of resolution of the Ciliophora may have to
do with an accelerated rate of evolution of the EF-1o. molecule in these
organisms. Reduced use of actin in some ciliates (for example see Cohen, et al.,
1984) may have caused a corresponding reduction in constraints in the EF-1ot
homologs of ciliates, since the protein is known to also function in actin-binding
in some organisms (Condeelis, 1995). However, more data on the functions of
EF-1a in this group of organisms are needed before this can be considered
anything other than speculation.

Despite the lack of strong resolution in the intermediate portion of the EF-
1o tree, several trends can be identified. There appears to be a relatively
consistent association between the Euglenozoa, some of the Heterolobosea and
the angiosperms. Occasionally these groups are united with an alveolate clade,
containing the Ciliophora and the apicomplexan, Plasmodium falciparum (Fig 1.5B
and 1.6A). Interestingly, a similar group containing the Euglenozoa,
Heterolobosea, Viridiplantae, Alveolata and the Heterokonta is strongly

recovered by all phylogenetic methods applied to the B-tubulin dataset. This



68
view of eukayotic phylogeny is radically different than that which is obtained
from SSU rRNA analyses. In SSU rRNA trees, the Euglenozoa and
Heterolobosea are relatively early-branching independent groups, while
alveolates, heterokonts and plants are part of a huge unresolved crown-like
radiation that includes rhodophytes, metazoans, fungi and a variety of protist
groups (Sogin, 1991). However, there are various lines of evidence, both from
protein molecular phylogenies and ultrastructural data that favour some of the
groupings found in the B-tubulin and EF-1a trees. Below, I discuss these data
and attempt to develop a picture of eukaryotic phylogeny based on a synthesis of
all of the evidence. This hypothetical phylogeny is depicted in Figure 1.8.

Developing a consensus view of eukaryotic phylogeny.

As both O'Kelly and Patterson have argued, the presence of discoidal
mitochondrial cristae in both the Heterolobosea (and other Percolozoa) and the
Euglenozoa could be an ultrastructural synapomorphy uniting these two groups
(O'Kelly, 1993, Patterson, 1994). Such a relationship is also supported by trees of
o-tubulin (Li et al., 1996), TPI (see Chapter 2) and iron superoxide dismutase (Fe-
SOD) (see Chapter 4). The Fe-SOD and TPI datasets also show an association of
this Heterolobosea/Euglenozoa clade with the apicomplexan, Plasmodium
falciparum, providing evidence for a relationship of this group with the alveolate
protists. V-ATPase trees also appear to weakly support such a relationship by
grouping Trypanosoma and Plasmodium together (Gogarten et al., 1996). The
Euglenozoa and Heterolobosea are also shown to be related to green plants in
trees of o-tubulin (Li et al., 1996). Several other pieces of evidence support such a
relationship. Trees of mitochondrial cpn60 showNaegleria fowleri grouping with
plant homologs (Horner et al., 1996) while the TPI gene from Acrasis rosea, shares

a single intron position found only in plant enzymes (Chapter 2). The
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euglenozoan, Trypanosoma cruzi, appears closely related to the green alga
Chlorella kessleri in an a recent analysis of EF-2 homologs (Nakamura et al., 1996).

A connection between alveolates and green plants is suggested by the
presence in Plasmodium falciparum of an enolase homolog bearing a highly
conserved 6 amino acid insertion also found in green plant enolases but lacking
in homologs from Metazoa, Fungi, the protist Entamoeba histolytica and bacteria
(Hyde et al., 1994 ). The common presence of cortical alveoli (membranous sacs
located near the cell membrane) in alveolates and glaucophyte algae (such as
Cyanophora paradoxa) may also support a link between alveolate protists and
green plants, if Cavalier-Smith's hypothesis of a glaucophyte/plant/ rhodophyte
relationship is correct (Cavalier-Smith, 1987c). A green plant/glaucophyte
relationship does appear to be supported by analysis of rRNA sequences (Van de
Peer et al., 1996) while V-ATPase trees depict a link between the green plants and
rhodophytes (Gogarten et al., 1996).

EF-1a trees show a clade containing the Metazoa and the Fungi and this
gene as well as B-tubulin sometimes shows a relationship between the
Eumycetozoa (slime moulds) and this clade. These nested relationships are
supported by two recent maximum likelihood analyses of multiple protein
coding genes: Nikoh et al. (1994) used 23 separate protein genes to argue for a
relationship between the animals and fungi while Kuma et al. (1995) report a
relationship of this group to the cellular slime mould Dictyostelium discoideum by
analyzing 19 protein datasets. Ribosomal RNA evidence has also been used to
bolster the claim of a metazoan/fungus connection, identifying
Choanoflagellates (Wainright et al., 1993) and more recently Myxosporidia
(Smothers et al., 1994) as protist sisters of the Metazoa. If my foregoing

arguments are correct regarding the placement of the Microsporidia within the
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Fungi, then all of these groups together may represent a huge monophyletic
assemblage.

The tree in Fig. 1.8 is an attempt to synthesize all of the evidence presented
above as a tentative phylogenetic hypothesis. So far, many of the characters of
"higher" eukaryotes have also been found in the diplomonad, Giardia lamblia. If
diplomonads represent the deepest branch of eukaryotes then these features,
shown in the box at the base of eukaryotes, must have evolved prior to the
divergence of this group. Instead of the pattern of sequential branching of many
independent protist lineages early in eukaryotic evolution as typically recovered
by rRNA, this tree shows that after diplomonads, there are only a few early
eukaryotic divergences, followed by a deep split into the two major superclusters
of protists and multicells discussed above. Hopefully, as the taxonomic
representation of rRNA and protein datasets improves, some elements of this

hypothesis will come under test.
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Figure 1.8. A hypothesis of relationships among eukaryotes based on selected molecular and ultrastructural
data. Boxes show ultrastructural and molecular characters as well as molecular trees that support the
branch indicated with an arrow. Asterisks (*) indicate that the phylogeny of the molecule supports the
relationship of only some of the descendant taxa of the branch in question. Taxa written in bold text are
ones for which the author has contributed molecular sequence data. Citations for molecular trees, other
molecular characters and ultrastructural characters are as reported in the text except for data cited in the box
at the base of the eukaryotes. These data come from Vickerman, (1989), M. Miiller (pers. comm.), Klenk et
al., (1995), Fiedler & Simons, (1995), Gupta et al., (1994), Drouin et al., (1995), Henze et al. (1995), Rozario et al.,
(1996), and Adam et al., (1988)



Chapter 2
INTRODUCTION

The origin of spliceosomal introns is a classic molecular evolutionary
puzzle that still inspires debate 19 years after their first discovery in eukaryotic
genes, a debate that still centres on the initial polarization into two general
theories on intron origins. The "introns-early” theory arose by combining
Gilbert's ideas about how the exon/intron organization of eukaryotic genes
could speed evolution by the process of "exon-shuffling” (Gilbert, 1978) with
Doolittle's and Darnell's assertions that introns were relics of the assembly of
genes in a primitive ancestor of all living cells (Darnell & Doolittle, 1986).
According to this theory, modern prokaryotes lost their introns through genomic
streamlining, while eukaryotes retained the primitive introneousness of their
genes. By contrast, proponents of the "introns-late” models argued that most
introns are likely the husks of mobile genetic elements that had the special
property of splicing out of genes on the RNA level. Genes were split, the
argument goes, by these mobile introns relatively recently after the origin of the
eukaryotic nucleus and therefore had nothing to do with the origin of genes
(Cavalier-Smith, 1991, Palmer & Logsdon, 1991).

Since the first proposals of the theories explaining intron origins, much
has been learned about the diversity of intron splicing mechanisms and the
genomes that introns inhabit. It is now clear that there are at least 5 different
intron types, distinguishable by splicing mechanisms, their structure and
phylogenetic distribution (reviewed in Lambowitz & Belfort, 1993).

Of these types, only two are relevant to the original theories: group II self-
splicing introns (and their degenerate group III form) commonly found in
eukaryotic organellar genomes, and spliceosomal introns, which are abundant in

nuclear genes and are spliced by a multimolecular RNA /protein complex called
72
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the spliceosome. These demonstrate detailed similarity in structure and splicing
mechanism of the sort that would suggest convincingly that they shared a
common ancestor (Jacquier, 1990, Weiner, 1993, Lambowitz & Belfort, 1993,
Lamond, 1993). Recently, the similarity noted between the catalytic core structure
of group I and spliceosomal introns has been heralded as evidence that these
intron types are also related (McPheeters & Abelson, 1992). However, at this
level of similarity it is difficult to distinguish homology from forced moves in the
evolution of an intron splicing mechanism. Until stronger evidence is found for
homologous similarity between intron types, it is best to regard the origin and
evolution of these elements as separate questions.

This study is specifically concerned with the issues surrounding the origin
and evolution of spliceosomal introns. Over the years there have been literally
hundreds of proposals of different evolutionary scenarios relating to the origin
and function of spliceosomal introns and it is practically impossible to discuss
the relative merits of all of them. Instead, I shall try to summarize and evaluate
the central claims of the two lineages of proposals mentioned above, which have

been dominant in the literature for nearly two decades.

The central claims of the theories.

The introns-early theory, often referred to as the "exon theory of genes”,
makes two central assertions: (1) exon-shuffling was the dominant mode of
evolution in the formation of the first genes prior to the divergence of all extant
life; and (2) some or all spliceosomal introns are ancestral to the genes in which
they are found. According to this view, the subsequent evolution of introns has
been influenced by two forces: the widespread loss of introns and their
movement to neighbouring positions by "sliding” or "displacement” mechanisms

(Gilbert, 1978, 1987, Doolittle, 1978, Doolittle & Darnell, 1986, Martinez et al.,
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1989, Liaud et al., 1992, Kersenach ef al., 1994). Although the possibility of intron
insertion was discounted or ignored by advocates of introns-early for many
years, some have recently conceded that insertion may occur rarely (de Souza et
al., 1996).

By contrast, the introns-late (insertional or recent origin) theory of
spliceosomal intron evolution claims that: (1) Spliceosomal introns originated in
the eukaryotic nuclear lineage; (2) Spliceosomal introns have spread within this
lineage by inserting into previously unsplit genes (Cavalier-Smith, 1985, 1991
Rogers, 1989, 1990, Logsdon & Palmer, 1991, Roger et al., 1994, Mattick, 1994).
Intron loss is also acknowledged as a force operating in eukaryotic genome
evolution (Rogers, 1990, Cavalier-Smith, 1991, Palmer & Logsdon, 1991, Roger et
al., 1994).

Evaluating the evidence from protein structure.

The first claim of introns-early has relied on several kinds of evidence and
has fueled much of the debate on intron origins. Firstly, some authors (for
instance, Gilbert, 1987) have drawn attention to examples of exon-shuffling that
has occurred to produce many of the vertebrate extracellular proteins (Patthy,
1991). The origins of these genes, however, occurred relatively recently in
evolution, perhaps just prior to the divergence of extant chordates 500 million
years ago. Another example of exon-shuffling has recently been shown for some
plant enzymes (see de Souza et al., 1996), but again, the events in question have
clearly occurred within the land plant lineage. These examples are actually
irrelevant to the debate over intron evolution, since the central claim of introns-
early is not that such shuffling has occurred sometime in evolution, but that it
was the dominant mode of evolution prior to the last common ancestor of all life.

To prove such a claim, one must demonstrate that some genes common to all



75
living organisms are chimaeric and that the recombination junctions between the
protein segments correspond to present-day intron positions. Examples of
ancient exon-shuffling have been suggested for proteins such as alcohol
dehydrogenase (ADH), glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
lactate dehydrogenase (LDH), pyruvate kinase (PK)(Duester et. al., 1986) and
triose phosphate isomerase (TPI) (Gilbert et. al., 1986). However, as Patthy points
out, such proposals seem dubious as these proteins do not show the hallmarks of
exon-shuffling discerned from known recent vertebrate examples. For instance,
one would expect that exon-shuffling would produce genes sharing homologous
exons bounded by introns of the same phase (one of three possible positions in
codons): a pattern not observed in these genes (Patthy, 1987). Furthermore, the
paucity of this kind of evidence was highlighted by an attempt by Gilbert's group
to estimate the size of an underlying "exon universe" that failed to detect any
examples of exons shared among ancient genes (Dorit ef al., 1990).

A second, less direct, form of evidence for ancient exon-shuffling is the
claim that in ancient genes, the boundaries of protein structural elements
correlate with intron positions, a result expected if these elements were
recombined to create the gene (Blake, 1983). For many of the suggested
examples, however, the correlations have only been suggested qualitatively. A
recent analysis testing several suggested correlations for TPI, PK, globins and
ADH, found that, with one exception, random intron positioning with respect to
protein structure could not be statistically excluded (Stoltzfus et al., 1994). The
exceptional case, where boundaries of compact protein modules correlate with
intron positions in TPI, was recently rendered insignificant by the discovery of a
wealth of new intron positions in homologs of this gene (Logsdon et al., 1995).

Despite the general lack of direct evidence for the ancient exon-shuffling

tenet of the introns-early theory, proponents continue to defend it, bolstering
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their case with a recent global database analysis of intron phases. Patthy's
demonstration that symmetrical exons (exons bounded by introns of the same
phase) are the substrate and product of exon-shuffling in the evolution of
vertebrate blood proteins, prompted Long and colleagues to investigate this
phenomenon on a larger scale (Long et al., 1995). Their study revealed that exons
bounded by introns of the same phase are represented in the database in greater
proportion than would be expected by random chance. Examination of the
database of proteins showing ancient conserved regions (ACRs) also showed a
similar tendency of exons to be symmetrical. Long et al. (1995) have argued that
these latter observations are strong evidence for ancient exon-shuffling.
However, depending on how the boundaries of ACRs were evaluated, this
pattern could be the result of exon-shuffling and duplications within these
regions that occurred recently in eukaryotic evolution. Even if this is not the
case, the observation is not uniquely explained by exon-shuffling; it could be the
result of non-random intron insertion or some weak selection pressure against
consecutive introns possessing different phases. Thus, in the absence of any
other evidence for ancient exon-shuffling, these observations can only be
considered weak support for introns-early. Defenders of this theory have
increasingly relied on evidence for its second proposition, that some or all introns

in eukaryotes are ancestral to genes.

The phylogenetic distribution of intron positions in genes.

Early on, it was suggested that the presence of shared intron positions
between animal, fungal and plant TPI genes indicated that introns in these
positions antedated the divergences of these organismal groups and were
therefore ancient (Gilbert et al., 1986). More recently, several other instances of

intron conservation at this level have also been elaborated (Rogers, 1990,
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Stoltzfus & Doolittle, 1993, Logsdon et al., 1995, de Souza et al., 1996). However,
introns-late proponents have disputed the relevance of this claim, since this
pattern is also expected if the introns originated by events of insertion in the
common ancestor of these groups. Although introns-late defenders have
repeatedly and emphatically made arguments such as these in the literature
(Rogers, 1990, Cavalier-Smith, 1991, Stoltzfus and Doolittle, 1993, Roger et al.
1994, Logsdon et al., 1995), a recent review by Gilbert's group grossly distorts the
introns-late position by claiming that it does not acknowledge the possibility of
Precambrian intron origin (pg. 498, de Souza et al., 1996). Despite this bizarre,
misleading claim, introns-early workers have drawn attention to more
impressive instances of intron conservation that warrant attention. These
constitute examples where intron positions are shared between cytosolic and
organellar homologs of genes. For instance, five coincident introns are observed
in mitochondrial and cytosolic aspartate aminotransferase (AspAt) homologs
(Juretic et al., 1990), two are shared between mitochondrial and cytosolic malate
dehydrogenase (MDH) homologs (Iwabe et al., 1990) and five are shared between
plastid and cytosolic glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
genes (Kersenach et al., 1994). The case for AspAt is now discredited by the
finding that cytosolic and mitochondrial homologs are immediate relatives,
suggesting a recent common ancestry rather than ancient divergence at the
prokaryotic/eukaryotic level (J. R. Brown, pers. comm.). However, for GAPDH
it does appear that ancient divergences between the homologs have occurred.
Kersenach et al. calculated the probability of these five GAPDH introns matching
if they were chance multiple insertion events and concluded that this scenario
was vanishingly unlikely (Kersenach et al., 1994). However, once again, counter-
arguments to these examples have been advanced. Stoltzfus and Roger et al.

objected to the implicit assumption in the calculation by Kersenach et al. that all
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positions in the gene are equally likely to experience intron insertion (Roger et al.,
1994, Stoltzfus, 1994). As with any transposable element, spliceosomal introns
are likely to require a targetting sequence, and if the gene into which they are
inserted is highly conserved (like the GAPDH gene), then the effective number of
interruptable sites may be much smaller than the total number of nucleotide
positions in the gene. On the other hand, Logsdon and Palmer have argued that
once the phylogenetic distribution of these GAPDH introns was taken into
account, the presence of these five introns in the common ancestor of plastid and
cytosolic genes requires extensive parallel loss of introns in multiple eukaryotic
and bacterial lineages, an extremely unparsimonious scenario (Logsdon &
Palmer, 1994).

Arguments such as these have been more fully developed in the analysis
by Logsdon et al. (1995) and Kwiatowski et al. (1995) of the phylogenetic
distribution of introns in the TPI gene. Again from parsimony considerations,
they argue that none of the introns observed is likely to be ancestral. As in the
GAPDH example, the argument is that most intron positions are
phylogenetically restricted to recently-evolved eukaryotic lineages. The
suggestion that they were ancestral requires one to accept that multiple events of
loss occurred in lots of independent lineages. However, if instead one postulates
a loss and gain scenario where no introns were ancestral, many fewer events are
required to explain the present-day intron distribution. Similar arguments were
made several years ago by Dibb and Newman in evaluating the intron
distribution in actin and tubulins as well as more recently by Dietmaier and
Fabry who examined small G-proteins (Dibb & Newman, 1989, Dietmaier &
Fabry, 1994).

Objections like these have prompted several replies from the introns-early

camp. In defending their arguments made in relation to the GAPDH data, Cerff
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and colleagues argue that Palmer and Logsdon failed to recognize that intron
loss may be more likely than intron gain (Cerff et al., 1994). In addition, de Souza
et al. have disputed the claim that events of intron insertion require a targetting
sequence, pointing to instances of intron gain in U6 snRNA genes that do not
appear to require any particular flanking sequence (de Souza et al., 1996).

Several additional general objections to the parsimony arguments of the
introns-late camp have been advanced. Doolittle (pers. comm.) and Hurst
(Hurst, 1994) have argued that if introns were ancestral to genes and enough loss
occurred then it is expected that one will find introns retained only in isolated
lineages: the exact observation that introns-late advocates argue is evidence for
insertion. Moreover, de Souza and colleagues suggest that the debate over the
phylogenetic distribution of introns is fundamentally irreconcilable since both
sides can equally explain the present-day distribution of introns by invoking

their own models of intron evolution (de Souza et al., 1996).

The problem with parsimony.

Both of these latter objections expose a fundamental flaw in the parsimony
arguments for a recent origin for introns. A general form of this parsimony
argument can be stated as follows: if two hypotheses explaining the data are
under test, the one that posits the fewest events to explain the data should be
preferred. This argument is often justified on philosophical grounds.
Hypothetico-deductivists claim that this parsimony approach is connnected to
Popperian falsification, arguing that the most parsimonious hypothesis (the one
that invokes the least number of events) is the one least falsified by the data.
Such a view is also claimed to be connected to the global scientific principle of
parsimony, Ockham's razor, whereby the simplest hypothesis consistent with the

data should always be preferred. Both of these justifications suggest that the use



80
of parsimony in hypothesis evaluation is an approach free of assumptions about
how evolution proceeds. However, neither argument stands up to scrutiny.
Sober (1988) has argued that extra events of character evolution are always
possible explanations of the data and therefore hypotheses that postulate more
than the minimum number of events cannot be falsified by them. Furthermore,
he argues that neither the global principle of parsimony (Ockham'’s razor) nor the
local one applied to systematics is assumption-free. To illustrate his point,
consider an example from the intron debate. If intron loss were truly far more
frequent than intron gain, then why should these events count equally in a
parsimony calculation? Under this scenario, perhaps one would expect that
many events of intron loss occurred for every event of intron gain and that the
most parsimonious hypothesis was wrong. Yet the parsimony arguments
advanced by Logsdon et al. (1995) and a former time-slice of this author (Roger ef
al., 1994) rely on the assumption that both intron loss and gain events count
equally. It is impossible to compare two different models of intron evolution
using parsimony if they have different implications for the relative probability of

the kinds of events being counted.

A likelihood approach to intron evolution.

So, are de Souza et al. correct in their view that it is impossible to choose
between the two alternative hypotheses of intron evolution when considering the
phylogenetic distribution of introns? Consideration of the principle of likelihood
shows that they are not. This principle states that the likelihood of a hypothesis
is the probability of observing the data if the hypothesis were true (Edwards,
1972, Sober, 1988). One can use this principle to choose between different models
of intron evolution by considering which one confers a higher probability on the

observed phylogenetic distribution of introns. Likelihood has been used
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extensively in molecular systematics to infer what phylogenies confer the
greatest probability on the distribution of sequences (Felsenstein, 1981, Goldman,
1990). In this Chapter, I develop an approach to the question of intron evolution
by employing stochastic models of intron evolution coupled with a phylogeny of
the genes containing them to calculate the probability of observing a particular

intron distribution.

Developing explicit models of intron evolution in GAPDH and TPI genes.

In this study, [ have chosen to focus on GAPDH and TPI, two glycolytic
genes that have figured prominently in the debate over intron evolution. In both
cases, introns-early advocates have suggested that there are ancestral introns
retained in the modern homologs of these genes.

An introns-early model that applies to these genes can be broken into two
different models. As mentioned above, for many years introns-early advocates
denied the possibility of intron insertion. Instead the forces of intron loss and
sliding (or displacement) were postulated to explain the present-day distribution
of introns. This view, which holds that all introns are ancestral to the gene, I will
refer to as the hard introns-early model. More recently, Gilbert's group has
accepted that intron gain does occur, and that the forces determining the intron
distribution are a combination of intron loss, sliding and gain (de Souza et al.,
1996). This soft introns-early model differs from an introns-late model in
claiming that at least some introns are ancestral to genes. By contrast, an introns-
late model is based on the view that introns are gained and lost, but does not see
a role for intron-sliding and argues that no introns are ancestral to the gene.

Of the various forces governing intron evolution, the processes of intron
sliding and displacement are currently the most controversial. The former

mechanism involves movement of splice boundaries on the DNA level while the
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latter involves the reintroduction (by reverse splicing) of recently spliced introns
at neighbouring sites on the RNA-level. These processes were originally invoked
because introns in homologs were sometimes observed to occupy similar but not
identical positions in the gene. If both of these introns were ancestral, then the
exons they bounded could only have been a few bases in length, too small to
encode shufflable units of protein structure. So instead, these neighbouring
introns are viewed by introns-early proponents as homologous, having moved to
slightly different positions during evolution. However, direct evidence for intron
sliding, in the form of clearly homologous introns in non-identical positions, has
never been observed. Moreover, in an attempt to evaluate the evidence for
sliding in TPI, Logsdon et al. tested whether introns were significantly clustered
as one would expect if intron sliding were a bona fide phenomenon. They found
that the size distribution of exons in this gene does not deviate from the
exponential distribution expected from random intron placement (Logsdon et al.,
1995). Comparable tests carried out on the GAPDH dataset had similar results
(Roger, Yang & Doolittle, unpublished data). This suggests that for at least TPI
and GAPDH datasets, intron sliding is not a detectable phenomenon. For this
reason, I have chosen not to explicitly incorporate this process into the intron
models. It should be noted, however, that sliding is actually a special case of
intron gain and loss, whereby neighbouring positions are correlated. Thus, the
gain and loss models do account for this process in an indirect way, although the
assumption that all sites are independent is violated in this case.

To model intron evolution, I have used the program DNAML developed
for evaluating the likelihood of phylogenetic trees of DNA sequences (see the
Materials and Methods for a more complete description of this method). The
model in this program allows for transitions between all four bases in DNA, with

special provision for differing rates for transitions and transversions as well as
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different base frequencies. To evaluate intron data, the model was reduced to
considering two character states: intron presence and absence coded as purines
and pyrimidines respectively (R and Y). In this model, each of these states can
change to the other with a particular ratio of rates (which is defined by the ratio
of the frequencies of the two character states). In addition, the branch lengths of
the tree are individually optimized to maximize the probability of the data. The
hard introns early model was simulated by setting the ratio of the rate of gain to
loss very close to zero. Soft introns-early and introns-late models were evaluated
by increasing this ratio over a range of values. At the optimal gain:loss ratio,
these models can be discriminated between by maximum likelihood
reconstruction of ancestral sequences.

In order to improve the taxonomic representation of the GAPDH and TPI
datasets, [ sought to obtain homologs of these genes from several independent,
putatively early-branching eukaryotic lineages. For GAPDH, homologs were
obtained from two heteroloboseans, Naegleria andersoni and Acrasis rosea in
addition to one microsporidan, Nosema locustae. Homologs of TPI were cloned
from one heterolobosean, Acrasis rosea, the diplomonad 50380, Entamoeba

histolytica and the trichomonad, Trichomonas vaginalis.

RESULTS
New TPI and GAPDH sequences.

TPI products were obtained using the TF-1/TR-1 primer pair from Acrasis
rosea, Trichomonas vaginalis and Entamoeba histolytica . This pair along with TF-
2/TR-1 variant designed against the Giardia lamblia homologs were used on the
diplomonad 50380 DNA. A product corresponding to TPI was obtained only
with the latter pair. Products from T. vaginalis, E. histolytica and diplomonad

50380 were translated and entered into an alignment with 39 other homologs (a
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portion of this alignment is shown in Fig. 2.1). Each encoded a protein colinear
with other TPI genes in the alignment, indicating their lack of introns. The
sequence of the TPI product from Acrasis rosea, by contrast, appeared to be
interrupted by a single intron 38 bases in length possessing typical GT-AG
spliceosomal intron boundaries. This phase 0 intron occurs between a cysteine
and an asparagine codon in alignment positions 14 and 15, exactly matching the
position of the first intron found in all land-plant genes (Fig. 2.1). Although there
is no direct evidence that this is an intron (i.e. there is no cDNA sequence), its
removal restores the reading frame and allows precise alignment of the amino
acid sequence.

The GAPN and GAPC primers generated PCR products from A. rosea, N.
andersoni and N. locustae that were clearly homologous to GAPDH genes from
other organisms and covered more than 90% of the coding region. The inferred
amino acid sequences of these products were free of stop codons and aligned
with a minimum of gaps to GAPDH sequences from 87 other organisms
suggesting that none of them was interrupted by introns. A selection of

sequences from this GAPDH alignment is shown in Fig. 2.2.

Compilation of intron datasets.

The alignments of TPI and GAPDH were made up of sequences of
genomic DNA clones where the presence or absence of introns can be
determined. The intron positions for TPI have recently been compiled by
Logsdon et al. (1995) and at this time, these 21 positions remain the only ones
identified in homologs of this enzyme. For each sequence in my alignment the
presence or absence of a particular intron position was determined by inspection
of the GenBank entry and by reference to Logsdon et al. (1995). These 21

positions were converted into intron sequences for parsimony and likelihood
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. . . . . . . 75
dso MN-GTIK---FINDHAEVLKSIAKNN--VEVVMAPTALHASLIQAHLK--—-DSHVCVAAQN
T.va ANPKTVE---EAEKLIEMLNGAKVEGN-VEVVVAAPF IFLPTLOOKLR-~—~——. KDWKVSAEN
E.hi CN-GTLASIETLTKGVAASVDAELPKK-VEVIVGVPF IYIPKVOQILAGEANGANTLVSAEN
A.ro CN-GTQE---SVDKLVKILNDAKDVDGKIDVVVAPTLIHLAKVHESLRK-———~ DFHVSAQN
T.br MSKPQPIAAANWKCN-GSQQ---SLSELIDLFNSTSINHD-VQCVVASTFVHLAMTKERLS-~--HPKFVIAAQN
E.co MRHPLVMGNWKLN-GSRH--~MVHELVSNLRKELAGVA~CAVATAPPEMY IDMAKREAEGS — - - -HIMLGAQN
B.bu MRKTELAGNWKMH-YTSA-—-EASTVAKKIATEVKTLKDVVIMITPPFTALSKVSECIKGS —-~--NILLGAQN

. 150

d8o VYDOKPGAFTGELAVEMLVDAGIKYAI IGHSERRR IMGESNEQSAKKTLRALE-ANITVLFCIGETLEERNANKV

T.va VFTKPDGAFTGEVTVPMIKSFGIEWTILGHSERRDILKEDDEFLAAKAKFALE-NGMKIIYCCGEHLSEREAGKA

E.hi AWTKS-GAYTGEVHVGMLVDCQVPYVILGHSERRQIFHESNEQUVAERVKVATID-AGLKVIACIGETEAQRIANQT

A.ro -FVAESGAYTGEVSVSMLKDIGLHYAIVGHSERRSLYHETDEVAAHKVKVAVD-AGLTATIACIGETLQEREENKT

T.br AIAKS-GAFTGEVSLPILKDFGVNWIVLGHSERRAYYGETNEIVADKVAAAVA-SGFMVIACIGETLQERESGRT

E.co VNLNLSGAFTGETSAAMLKDIGAQYTIIGHSERRTYHKESDELIAKKFAVLKE-QGLTPVLCIGETEAENEAGKT

B.bu MSYMESGARTSEISPSMLLEFGVEYVILGHSECRLYLAETDEIINKKILAGLKHPFKYLILCVGETLDERDSGKT
. . . . . . . 225

ds8o DEVNFAQLAALKAVITPQOWVDVVIAYEPVWSIGTGVVASPEQAQEVHAS IRNWLKKEISTEVAEMTRIQYGGSV

T.va SEFVSAQIEKMIPATIPAGKWDDVVIAYEPIWAIGTGKVASTQDAQEMCKVIRDILAAKVGADIANKVRILYGGSV

E.hi  EEVVAAQLKATNNAISKEAWKNIILAYEPVWAIGTGKTATPDQAQEVHQYIRKWMTENISKEVAEATRIQYGGSV

A.ro NEVITRQLOAYANVIKD--WDKVVIAYEPVWAIGTGKVATPQQAQQOVHADLREWLRKNVSEEVADKVRILYGGSV

T.br AVVVLTQIAATAKKL KKADWAKVVIAYEPVWATIGTGKVATPQOAQEAHAL IRSWVSSKIGADVAGELRILYGGSV

E.co EEVCARQIDAVLKTQGAAAFEGAVIAYEPVWAIGTGKSATPAQAQAVHKEF IRDHTAKV-DANTAEQVIIQYGGSV

B.bu LEVVLNQUVKKGLNCVSESDIQRI ILAYEPVWATGTGKTATKEEAEEVHKATRLEITKLYTKSASDNIIIQYGGSV

. . . . 268

dso NGKNCAELSKCADIDGFL

T.va KPNNCNELAACPDVDGFL

E.hi  NPANCNELAKKADIDGFL

A.ro KGDNAEVLIKEKDIDGFL

T.br NGKNARTLYQQRDVNGFLVGGASLKPEFVDITKATQ*

E.co NASNAAELFAQPDIDGALVGGASLKADAFAVIVKAAEAAKQA*

B.bu NSNNVKELMNEPNIDGALIGGASLKAESFLSIINNVL*

Figure 2.1 An alignment of TPI sequences obtained in this study with homologs from other
organisms. The species name abbreviations are d80: diplomonad 50380; T.va: Trichomonas
vaginalis; E.hi: Entamoeba histolytica; A.ro: Acrasis rosea; T.br: Trypanosoma brucei; E.co:
Escherichia coli; B.bu: Borrelia burgdorferi. The bolded taxon labels indicate the sequences
obtained in this study. Asterisks (*) indicate stop codons. The sequences in the alignment are
selected from a full alignment of 43 TPI homologs.
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. . . . . . . 75
N.an GRLVFRASLERTDVEIVAINDIMMTPEYMIYMIKYDTVHGKFHGK-LEYT-DKSIIVNG
A.ro GRLVMRASLERDDVEIVGVNDIMLDPKYMAYLFKYDSVHGTFKGT-VDFK-EGALIVNG
N.lo GKIVYQVFVKRNIRVSV~-INDPFAKPEDIEYALKYDTTFGRSGAK-VHRS-GNRVTVGD
Uma MSQUNIGINGFGRIGRIVFRNSVVHNTANVVAINDPFIDLEYMVYMLKYDSTHGVENGD- ISTK-DGKLIVNG
G.la MPIRLGINGFGRIGRMALRASLNIDGVQVVAINDPFTDCEYMEYMLKYDTVHGRFDGT - IAHS~-EDSITVNG

Zma4 MAKTKIGINGFGRIGRLVARVALQSDDVELVAVNDPFISTDYMTYMFKYDTVHGOWKHHEVKVK-DSKTLLFG
H.va MMSEPVRVGLNGFGRIGRNVFRASLHSDDVEIVGIND~VMDDSEIDYFAQYDSVMGELEGA-SVDDGVLTVDGTD
- - . . . . . 150
N.an RE-VHVLCERDPEQLPWGHHGVEYVVESTGIFTKLDTASKHLKGGAKRVVISAPA----DTPTFVMGVNHHEYKP
A.ro LE-TKVFAEKEPSKLPWGDLKVDYVVESTGIFLDKKSCEEHLKGGAKRVVISAPAK---DDTPMYVVGVNEDTYS
N.lo IE-TKILSERSPANINWE--NADVVIEASGVFLTLSDCEGHLNT-ARRVIITAPSP---NASMYVYGVNHCEYKG
Uma  KS-IAVFAEKDPSNIPWGQAGAHYVVESTGVFTTIDKASAHIKGGAKKVVISAPSA---DAPMYVCGVNLDAYDP
G.la NK-ISVFKSMKPEEIPWGKTQVDIVLECTGRFTTKKDAELHITGGCKRVIISAPSA---DAPMFVCGCNLETYDP
Zmad EKEVAVFGCRNPEEIPWGSVGAEYVVESTGVFTDQEKAAAHLKGGAKKVVISAPSK---DAPMFVVGUNEKEYKS
H.va FE-AGIFHETDPTQLPWDDLDVDVAFEATGIFRTKEDASQHLDAGADKVLISAPPKGDEPVKQLVYGVNHDEYDG
. . - . . . . 225
N.an E-MIVINNASCTTNCLAPIASVLHENFGILEGLMITVHAVTATQPTVDAPSKKDWRGGRAAGYNIIPSSTGAAKA
A.ro G-QTVISNASCTTNCLAPLASITHDKYTIIEGLMITVHATTATQKTVDGPQRGDWRFGRGAAFNIIPASTGAARA
N.lo E--RIISNASCTTNCLAATAKVVHESFGIEEGLMITVHAITNSQRAVDTCAAK--RTKRSC-FNIIPASTGAAKA
Uma K-AQUVSNASCTTNCLAPLAKVIHDKFGIVEGLMITVHATTATOKTVDGPSAKDWRGGRAAAANIIPSSTGAAKR
G.la STMKVISNASCTTNCLAPLAMVVNKKFGIKEGLMI TVHAVTATQLPVDGPSKKDWRGGRSCGANVIPSSTGARKA
Zma4 D-INIVSNASCTTNCLAPLAKVINDKFGIVEGLMITVHAITATQKTVDGPSSKDWRGGRAASFNIIPSSTGAAKA
H.va ED—-VVSNASCTTNSITPVAKVLDEEFGINAGQLTTVHAYTGSQNLMDGP ?NGKPRRRRAAAENI IPTSTGAAQA
. . . . - . . 300
N.an VGLVIPSLNGKLTGMAFRVPTADVSVVDLTCRLEKPATKKQIDEAMKKASESERFKGILKYTDEEVVSSDFVHDS
A.ro VGSVIPSLKGKLTIGMSFRVPTSDVSVVDLTVRIEKGANKQEIDKTLKEAANSERWKNIFAYTDDDVVSTDF IHDH
N.lo LSKVIPTLEGKMIGMAFRVPVPNVSVVDLTVRLERKASLEA TLEKVKNAAK-GEMKGVLCYTEDEVVSGDYNGCS
Uma VGKVIPSLNGKLTGMAFRVPTTNVSVVDLTARLEKGASYDEIKAEVKRASE-NELKGILGYTEDAVVSQDFIGNS
G.la VGKVLPALNGKLTGMAFRVPVPDVSVVDLTCTLEKDATYDEICAEIKRGSE-NELKGIMIYTNEDVVSSDFLSTT
Zmad4 VGKVLPVLNGKLTGMSFRVPTVDVSVVDLTVRLEKSATYDEIKAAVKEEAE-GSLKGILGYVEEDLVSTDFQGDS
H.va ATEVLPELEGKLDGMA TRVEVPNGS ITEFVVDLDDDVTESDVNAAFEDAAA~GELEGVLGVTSDDVVSSDILGDP
. . - . 348
N.an ASSTYDSKASISLNDNFVKVVA
A.ro HTSTYDSNASIFLNDNF IKLIA
N.lo LSCIFDYKASIALNDKFFKLVC
U.ma HSSIFDAAAGISLNNNFVKLVSWYDNEWGY SN-RCLDLLVFMAQKDSA*
G.la STCNFDSKAGIMLNSRFVKLVAWYDNEFGYAN-KLVELAKYVGSKGC*
Zma4 RSSIFDAKAGIALNGNFVKLVSWYDNEWGYSSTRVVDLIRHMNSTN*
H.va YSTQVDLQSTNVVSG ?MTKILTWYDNEYGF SN-RMLDVAEYITE*

Figure 2.2 An alignment of GAPDH sequences obtained in this study with homologs from other
organisms. The species name abbreviations are N.an: Naegleria andersoni; A.ro: Acrasis rosea;
N.lo: Nosema locustae; U.ma; Ustilago maydis; G.la: Giardia lamblia; Z.ma4: Zea mays
gapC4; H.va; Haloarcula vallismortis. The bolded taxon labels indicate the sequences
obtained in this study. Asterisks (*) indicate stop codons. The sequences in the alignment are
selected from a full alignment of 90 GAPDH homologs.
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analyses. In this study, all positions in the gene were considered interruptable by
introns. To develop the intron position sequences, 248 codons of the alignment
were used extending from alignment position 3-260, yielding a total of 744
positions in the dataset (several alignment gaps were not included in this
dataset). For each TPI homolog, interrupted and uninterrupted positions were
enumerated to produce the intron position sequence. Positions lacking some of
the sequences were coded as missing information in the datafile. All positions
possessing an intron in at least one taxon are shown in Fig. 2.3.

Intron positions for GAPDH were compiled in a similar manner by
referring to Kersenach et al. (1994), by inspection of GenBank entries and
consultation with J. Logsdon (pers. comm.). Since the publication of this paper,
two new intron positions have been published: one identified in the slime mould,
Dictyostelium discoideum (Roger et al., 1996) and another in the rhodophyte alga,
Gracilaria verrucosa (Zhou & Ragan, 1995). Upon inspection, several of the
distinct positions identified by Kersenach et. al., appeared to be located at the
same position in the alignment used in this study. Table 2.1 shows the
comparison of intron positions from Kersenach et al. (1994) with the positions
used in this study. In total, 46 distinct positions occupied by introns were
identified and are shown in Fig. 2.4. Intron position sequences for GAPDH
homologs were created as described above. For this dataset a total of 340 codons
corresponding to 1020 interruptable positions were used to develop intron
position sequences. These positions extend from position 3 to 344 in the GAPDH
alignment (one alignment gap position was not included in this dataset).

Missing positions in some sequences were coded as missing information as

above.
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Figure 2.3 Positions occupied by introns in TPI homologs. Intron position numbers correspond to
the positions identified by Logsdon et al. (1995). Pluses (+) indicate presence of an intron at
that position in the sequence, hyphens (-) indicate the lack of an intron at that position and
question marks (?) denote missing sequence data at the position.
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Figure 2.4 (continued on the next page)
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Figure 2.4 (continued from previous page) Positions occupied by introns in GAPDH homologs.
Intron position numbers correspond to the positions identified in Table 2.1. Pluses (+) indicate

presence of an intron at that position in the sequence, hyphens (-) indicate the lack of an intron
at that position and question marks (?) denote missing sequence data at the position. The
asterisk (*) indicates that the introns found in the Euglena gracilis gapC have not been included
in the analysis. These introns probably represent a novel intron type and their relationship to
spliceosomal introns is currently unkown (Henze et al., 1995).
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Table 2.1 A comparison of GAPDH intron positions used in this study with
those reported in Kersenach et al. (1994).

Intron# Kersenach# Codon# Kersenach codon#
(2)* 1t (2-1)§ -3-11
1 2 1-2 -2-2
2 4 2-1 -1-1
3 3 4-0 -1-0
(3) 5 (4-0) 1-0
4 6 6-0 3-0
5 7 10-1 7-1
6 8 10-2 7-2
7 9 12-1 9-1
8 * 14-2 *
9 * 15-1 *
10 10 18-0 15-0
11 11 22-2 19-2
12 12 33-0 30-0
13 13 35-2 32-2
14 14 43-0 40-0
15 15 44-0 41-0
16 16 78-0 73-0
17 17 81-2 76-2
18 18 82-2 77-2
19 19 90-2 85-2
20 20 100-0 95-0
21 21 102-0 97-0
22 22 109-2 104-2
23 23 110-0 105-0
24 24 112-0 107-0
25 25 116-0 111-0
26 26 121-0 116-0
27 27 150-0 144-0
28 28 151-2 145-2
29 29 166-0 160-0
30 30 173-1 166-1
31 31 180-0 173-0
32 32 187-1 180-1
33 33 190-0 183-0
34 34 220-0 213-0
35 35 224-0 217-0
36 36 230-1 223-1
37 37 233-2 226-2
(37) 38 (233-2) 227-0
38 39 253-0 246-0
39 40 257-0 250-0
40 a1 267-2 260-2
41 42 276-1 269-1
a2 43 285-0 278-0
43 44 295-2 288-2
44 45 317-2 310-2
a5 46 325-2 318-2
46 47 334-1 326-1

t_Introns are numbered in order of occurrence from N- to the C-terminus of the GAPDH
alignment. Parentheses indicate positions not considered distinct in this study.
t_numbering system used by Kersenach et al. (1994).5-Codon number and phase of intron
respectively relative to the Zea gapC4 enzyme. {-Codon and phase numbers in Kersenach
et al. relative to the Bacillus stearothermophilus enzyme. Asterisks indicate positions
unknown at the time of publication of Kersenach et al. (1994).
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Phylogenies of the TPI and GAPDH genes.

Two kinds of trees of TPI and GAPDH homologs were constructed. For
each dataset, the PROTDIST program was used to estimate a distance matrix
from pairwise comparisons of the aligned amino acid sequences. For TPl and
GAPDH, 238 and 350 alignment positions were considered respectively.
Neighbour-joining (N]) trees (inferred using the NEIGHBOR program) were then
constructed based on the distance matrix from each dataset and are shown in
Figs2.5and 2.7.

A second set of trees of each of the genes was developed based on the
assumption that the NJ trees could be in error. For the TPI dataset this
assumption is probably valid since bootstrap analysis (not shown) showed that
the relative branching order of major groups in the NJ tree was not significantly
resolved and hence the topology may not precisely reflect the true phylogeny.
This assumption is also likely true of the GAPDH topology since previous
analyses have suggested that many of the branches in trees of this dataset are
also not well-supported and may be artifacts as a result of systematic biases such
as unequal rates of evolution (Roger et al., 1996). The second set of trees
consisted of corrected, "hypothetical”, gene trees. These were created by
modifying the neighbour-joining topologies to reflect the organismal
relationships proposed in Chapter 1 (Fig. 1.8). For the eubacterial portion of the
hypothetical TPI tree, the relationships between eubacterial groups described in
Olsen et al. (1994) were followed. However, several cases were identified where
the GAPDH gene tree appeared to deviate strongly from an organismal tree.
Previous analyses of GAPDH have shown that several ancient events of gene
duplication likely occurred prior to the diversification of the eubacteria,
producing several paralogous gene trees (Martin et al., 1993, Henze et al., 1995).
Thus, the branching order within the eubacterial portion of the neighbour-joining
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Figure 2.5 A phylogeny of TPI sequences using the neighbour-joining method. The
distance matrix was inferred using the PROTDIST program with the Dayhoff
setting. Bootstrap analysis (not shown) indicates that most of the internal
structure of the eukaryotic portion of the trees is not significantly supported. The
intron position sequences of labelled nodes were evaluated (Table 2.3). Node A is
an immediate descendant of the root node and node C is the latest common ancestor
of animals, plants and fungi. This latter node is also the latest common ancestor of
animals and fungi (D).
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Figure 2.6 A hypothetical phylogeny of the TPI gene. The tree is based on the eukaryotic
relationships proposed in Fig. 1.8 and prokaryotic relationships are taken from Olsen et
al. (1994). The intron position sequences of labelled nodes were evaluated (Table 2.3).
Node A is the latest common ancestor of eukaryotic and archaebacterial sequences,
node B is the latest common ancestor of the eubacterial sequences, node C is the latest
common ancestor of animals, plants and fungi and node D is the latest common
ancestor of animals and fungi.
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tree was not modified to reflect organismal relationships in the hypothetical tree.
In addition, the observation that several eubacterial paralogs (such as
cyanobacterial gapl homologs and the y-Proteobacterial gapA sequences (Fig.
2.6) branch near and within the eukaryotic portion of the GAPDH tree has led
Martin et al. to propose that eukaryotes acquired their present day GAPDH
enzyme via gene transfer from eubacteria (Martin et al., 1993, Henze et al., 1995).
Although this scenario is quite complex, there are several lines of supporting
evidence (Henze et al., 1995, Roger et al., 1996). Thus, the hypothetical GAPDH
tree was constructed to reflect this scenario. The final hypothetical trees are

shown in Figs. 2.6 and 2.8.

Parsimony calculations.

To rigourously evaluate the parsimony arguments made by introns-late
advocates, for both GAPDH and TPI datasets and accompanying trees, the
minimum numbers of events required by each introns theory to explain the
intron distrution were evaluated. To do these calculations, it was necessary to fix
the ancestral intron states implied by the theories. This was accomplished by
constructing a hypothetical ancestral sequence to reflect the desired ancestral
state for each intron position implied by each theory. This ancestral sequence
was then joined by a branch to the root node of the tree. The roots of the GAPDH
trees were placed on the archeabacterial branch consistent with an endosymbiotic
origin for the eukaryotic homologs. The hypothetical TPI tree was based on the

gene phylogeny tracking the universal phylogeny and was rooted according to
gene duplication rootings of the universal tree (Iwabe et. al., 1989, Gogarten et al.,
1989). However, it was not possible to root the TPI neighbour-joining tree in this
way since the Pyrococcus sequence was located on a branch far away from

eukaryotic enzymes (Fig. 2.5). Recent work by Keeling and Doolittle (pers.
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Figure 2.7 Phylogeny of GAPDH using the neighbour-joining method. The distance matrix was estimated using the

PROTDIST program with the Dayhoff setting. Shaded boxes depict the eubacterial sequences placed near or within

the eukaryotic subtree that suggest an endosymbiotic origin for the eukaryotic cytosolic GAPDH enzyme. The intron position
sequences of labelled nodes were evaluated (Table 2.3). Node A is the common ancestor of eubacterial and eukaryotic sequences,
node C is the latest common ancestor of animals, plants and fungi and node C* is the common ancestor of these three groups
excluding Chlamydomonas reinhardtii. Node C* is also the latest common ancestor of

animals and fungi (node D).
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Figure 2.8 A hypothetical phylogeny of GAPDH. The eubacterial portion of this tree is derived from Fig. 2.7. The
eukaryotic portion of the tree was corrected to match the hypothetical organismal phylogeny in Fig. 1.8

as well as reflect the endosymbiotic origin of the eukaryotic enzymes (Roger et al., 1996). The intron position
sequences of labelled nodes were evaluated (Table 2.3). Node A is the common ancestor of eubacterial and
eukaryotic sequences, node C is the latest common ancestor of animals, plants and fungi and node D is the latest
common ancestor of animals and fungi.
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comm.) suggests that this anomalous topology, like the GAPDH tree, may be
explained by an endosymbiotic origin for the eukaryotic TPI enzyme . To reflect
this possibility, the root of the TPI/N]J topology was placed on the
archaebacterial branch .

The results of these tests are shown in Table 2.2. In accordance with
introns-late arguments, for each dataset and an accompanying tree, the introns-
late model required the fewest numbers of events to explain the intron data.
Analysis of these datasets without the ancestral states fixed and allowing for
events of gain and loss, yielded exactly the same reconstructions (and numbers of
events) for each position as the introns-late test (not shown). The next most
parsimonious hypothesis was the soft introns-early interpretation, followed by
the hard introns-early interpretation. Hard introns-early required more than
double the number of events compared to the other two views. Curiously, the
number of events required by soft-introns early exceeds introns late by precisely
the number of intron positions known (Table 2.2). Closer examination of the
maximum parsimony reconstructions (MPRs) of the character changes over the
tree revealed that this pattern was due to loss of each ancestral intron on the
branch leading from the hypothetical ancestor to the root node. Thus, although
each known intron position was forced to be ancestral in this test, none of the
present day introns were reconstructed to be homologous to these. Instead, each
intron appeared to have originated a second time in a recent lineage. In fact,
except for the events of loss on the ancestral branch, the MPRs of each position
for soft introns-early were identical to the corresponding introns-late

reconstructions.
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Table 2.2- A comparison of the minimum number of events required for
each introns theory to explain the TPI and GAPDH intron data.

Dataset/Tree* IL** Hard IE*** Soft [E****
TPI/NJ$ 32 244 53
TPI/hypothetical T 37 206 58
GAPDH/NJS 73 502 119
GAPDH/hypotheticals§ 69 551 115

*Abbreviations are TPI triosephosphate isomerase; GAPDH; glyceraldehyde-3-
phosphate dehydrogenase; NJ: neighbour-joining topology (shown Figs. 2.5 & 2.6); and
hypothetical: hypothetical gene trees (shown in Figs. 2.7 & 2.8).**IL: the introns-late
theory where loss and gain are allowed but with no introns held as ancestral.***Hard [E:
the hard introns-early theory where all introns are ancestral and can only be lost.****Soft
[E: the soft introns-early theory where all introns are ancestral but both loss and gain are
allowed.f This tree is rooted on the archaebacterial branch in accordance with a recent
theory of the endosymbiotic origin for this gene. tThis tree is rooted in accordance with
the recent rootings of the universal tree where the root falls between a
eukaryote/archaebacterial and a eubacterial clade. § These trees are rooted on the
archaebacterial branch in accordance with the proposed endosymbiotic origin of the

eukaryotic enzymes.

In the analysis of Logsdon et al. (1995), of the TPI introns 5 positions,
introns #3, #7, #9, #13 and #18 (Fig. 2.3), were suggested to be relatively "old"
introns, having inserted into the common ancestor of animals and plants. In my
study, the MPRs on the hypothetical and neighbour-joining TPI topologies show
all of these introns as having inserted multiple times in the separate lineages that
contain them. Rearrangement of the TPI topology to match that reported by
Logsdon et al. (1995) (where taxa overlap), yielded MPRs that similarly showed
multiple events of gain and loss at all of these positions except #3, which showed
a single intron gain in a common ancestor of plants, Plasmodium, animals and
fungi. Thus, with the dataset considered in this study, the maximum parsimony
method in most cases does not reconstruct these putatively "old" introns as the
result of single insertion events in the Precambrian era, as suggested by Logsdon

et al. (1995).
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Maximum likelihood analysis.

In order to test the various intron theories using a likelihood approach, the
maximum likelihood ratio of rates of intron gain to loss was estimated for both
the TPI and GAPDH datasets and their respective trees. As a starting estimate,
the ratio of the overall frequencies of intron-interrupted to intron-uninterrupted
sites were chosen to reflect the ratio of gain rate to loss rate. By varying these
values over a range of 3 orders of magnitude, likelihood curves were developed
for both of the two trees for each intron dataset {shown in Fig. 2.9). The
maximum value on this curve was taken as the maximum likelihood estimate of
this gain:loss ratio.

For both datasets, the hypothetical trees had overall greater likelihoods
than the trees obtained by the neighbour-joining method, indicating that the
topological corrections were somewhat successful. For TP], the ML estimate of
the gain:loss rate ratio was 0.0033 for the neighbour-joining topology and 0.0025
for the hypothetical topology (Fig. 2.9A). Both neighbour-joining and
hypothetical trees had a gain:loss rate ratio of 0.0033 for the GAPDH intron
dataset.

The hard introns-early theory predicts that the rate of intron gain is
negligible and, therefore, the ML ratio of gain to loss rates will not significantly
differ from zero. To test this, the 95% confidence intervals for these ML estimates
were obtained by using the likelihood ratio test. These confidence intervals
extend to ratios having likelihoods within 0.5X2 (with 1 degree of freedom) of the
maximum likelihood value (Edwards, 1972). All of the ML estimates of the
gain:loss rate ratio are significantly different from zero by this criterion. For TPI,
these values extend from 0.0020-0.0048 for the neighbour-joining tree and 0.0013-
0.0036 for the hypothetical topology. Confidence intervals of 0.0017-0.0054 and
0.0024-0.0067 were obtained with the GAPDH dataset for the neighbour-joining
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Figure 2.9 Estimation of the maximum likelihood ratios of the rate of intron

gain to loss. The plot is log-likelihood (InL) versus the ratio of the
instantaneous rate of intron gain to the instantaneous rate of loss

(Rgain/Rloss). (A) Calculations using the TPI intron dataset and, (B), the

GAPDH intron dataset. For both datasets, hypothetical and

neighbour-joining trees were used in the maximum likelihood estimation

procedure.
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and hypothetical trees respectively. These data indicate that intron gain has
probably occurred in the evolutionary history of these genes and that the hard

introns-early view, in the absence of intron-sliding, is untenable.

Reconstruction of ancestral sequences.

In order to differentiate between a soft introns-early and introns-late
views, it is necessary to determine whether the ancestral GAPDH or TPI genes
had introns. This may seem like a futile task; we cannot directly observe the
gene structure of the common ancestor of all cells. However, like the parsimony
method, the likelihood method can be used to obtain estimates of the ancestral
sequences of genes, or in this case, indicate whether they contained introns. To
do this, one calculates the posterior probability of each state (either intron-
interrupted or uninterrupted) for a particular position at internal nodes on the
tree. This is accomplished by using an unpublished method implemented in the
program DNAML 4.0 (J. Felsenstein, pers. comm.). Very similar methods for
likelihood estimation of ancestral sequences have recently been published by
Yang et al. (1995).

Since the DNAML program does not allow definition of the root node of a
tree, it was not possible to directly estimate the intron position sequences of the
ancestral TPI and GAPDH genes. However, the proposed roots of these trees all
fall between two nodes that are defined. These are the nodes labelled A and B on
each of the trees shown in Figs. 2.5-2.8. If a soft introns-early position were true,
then for some modern introns to have been present in the ancestral genes, either
of these descendant nodes must also have possessed them. For the two GAPDH
trees and the neighbour-joining TPI topology, node B corresponds to the extant

intron-lacking archaebacterial intron sequences of these genes. Thus, in these
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cases it is only necessary to reconstruct the ancestral sequence at node A. The
reconstructions of the ancestral nodes were estimated and are shown in Table 2.3.

For each of the two trees for each dataset the ancestral sequences in node
A and B (where it was necessary to test it) were reconstructed as completely
lacking introns and, for each case, the posterior probability of the reconstruction
at every position was greater than 95%. (Table 2.3). This method clearly favours
the introns-late view that no introns were present in the ancestral GAPDH and
TPI genes, even provided that the rate of intron loss vastly exceeds the rate of
gain. The suggestions of Kersenach et al., that the five introns conserved across
the eukaryotic cytosol/plastid GAPDH boundary are ancestral (Kersenach et al.,
1994), are thus not supported by this analysis.

In order to evaluate the performance of the method, several other
reconstructions were evaluated. The reconstructed intron position sequences of
the latest common ancestor of animals, plants and fungi (node C) and the latest
common ancestor of animals and fungi (node D) are shown in Table 2.3 for each
dataset. Node C for the GAPDH/NJ] dataset was reconstructed as completely
lacking introns. However, this node is actually quite deep within the GAPDH
tree since, in this analysis, Chlamydomonas (considered a plant) does not branch
with higher plants (Fig. 2.7). If one excludes this sequence from consideration,
node C* becomes the common ancestor of animals, plants and fungi in the
neighbour-joining tree and this sequence appears to possess two introns,
although the probabilities are <0.95 for each position. These positions (#6 and
#15) correspond to positions #8 and #15 of Kersenach et al. that were suggested
to be homologous introns shared by animals and fungi and animals, plants and
fungi respectively. Clearly, the ML reconstructions are reflecting the intuitive
assignments of homology for intron positions in this case. However, the

hypothetical GAPDH topology shows no common ancestral introns for animals,
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plants and fungi. Instead, the positions shared between these groups appear to

have evolved

Table 2.3- Maximum likelihood reconstructions of ancestral intron

sequences.
Intron positionS

Dataset’ Nodei 1111111111222222222233333333334444444

1234567890123456789012345678901234567890123456
GAPDH/NJ A NNNNNNNNNN'NNNNNNNNNNN'NNNNNN'NNNNNNNNNNNNN'NNNNNNi
GAPDH/hyp A NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
TPI/NJ A NNNNNNNNNNNNNNNNNNNNN
TPI/hyp A NNNNNNNNNNNNNNNNNNNNN
TPL/hyp B NNNNNNNNNNNNNNNNNNNNN
GAPDH/NJ C NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
GAPDH/NJ C* (D) nnnnninnnnnnnninnNNNNNNONNANNNANNOANONANNNONNNN
GAPDH/hyp C NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
GAPDH/hyp D NNnNNinNnNNNnNiNiNNNnnNiNNniNniNNNNanNnNnnNiNN
TPI/NJ C (D) nminnnininmninnininnn
TPI/hyp c niinnmnininnninnniinin
TPI/hyp D nnINNNInINONInnnnInnn

tDatasets are compiled intron positions and the tree used reported as: intron

dataset/ tree. The abbrevations are NJ: neighbour-joining and hyp: hypothetical. Node
refers to nodes labelled on Figs 2.5-2.8. A and B are the two descendant nodes of the root
node. Node C is the common ancestor of animals/plants/fungi and node D is the
commuon ancestor of animals/fungi. Node C* is the common ancestor of
animals/plants/ fungi excluding Chlamydomonas. In cases where two nodes are identical,
one is placed in brackets. §Intron positions in the datasets as shown in Fig. 2.3 & 2.4.
TReconstructed ancestral intron position sequences. Upper case letters denote that the
posterior probability of the state at this position is >0.95 and lower case indicates that this
probability is <0.95. 'N' or 'n’ indicate that the position is not interrupted by an intron and
conversely T or 'i' indicate that an intron was present at this position.

independently on this tree. Consideration of the common ancestral node of
animals and fungi, by contrast suggests that for the hypothetical topology, there
were 8 introns ancestral to these groups, including position #6 (#8 in the
Kersenach et al. numbering scheme) that was postulated to be ancestral to these

two groups by Kersenach et al. (1994).
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A strict consensus view of the ancestral sequences obtained from both
trees of GAPDH, suggests that the common ancestor of animals, plants and fungi
did not contain any introns while the common ancestor of animals and fungi
contained two (position #6 and #15). In the case of GAPDH, the reconstructions
are very sensitive to the topological differences between the neighbour-joining
and the hypothetical topology.

By contrast, quite similar estimates of the sequences of ancestors were
obtained from the analysis of neighbour-joining and hypothetical trees of TPL
Node C was reconstructed to have 6 introns and 8 introns in the neighbour-
joining and hypothetical trees respectively. Both methods concur on five of these
positions. These five positions, #3, #7, #9, #13 and #18, correspond exactly with
the positions suggested to be ancestral to TPI genes of animals, plants and fungi
by Logsdon et al. (1995). Again, in this case it appears that the ML
reconstructions are reflecting assignments of homology made on the basis of
human intuition. However, for each tree in this dataset there are several intron
positions that are reconstructed to be ancestral and that are only found in two or
even one of the descendant groups and were not suggested to be ancestral. The
reconstructions at these positions can be considered predictions of introns that
should be found in these descendant groups.

For both datasets, nodes C and D are the deepest nodes in the eukaryotic
tree that are reconstructed to have any introns. The putatively deeply-branching
groups in these trees not only lack introns but apparently the common ancestor
they share with the "higher" eukaryotic groups also lacked them. It should be
noted however, that the neighbour-joining trees of both datasets do not concur
with each other nor with the consensus view developed in Chapter 1 of what

eukaryotic groups are putatively deeply-branching. Until the true phylogeny of
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these genes is better understood, the present results should be treated with a

measure of caution.

DISCUSSION

This study represents the first attempt to apply objective methods to
evaluate the implications of the introns-early and introns-late theories with
respect to the phylogenetic distribution of intron positions in genes. Several
years ago, Nyberg and Cronhjort also attempted to use a likelihood approach to
this problem. Unfortunately, their results were irrelevant to the debate, since
they compared a model where introns are only lost to a model where they are
only gained (Nyberg & Cronhjort, 1992). This latter model does not adequately
capture the introns-late perspective, since advocates of this view have accepted
the validity of a process of intron loss for many years now (Rogers, 1989,
Cavalier-Smith, 1991, Roger et al. 1994, ).

The parsimony analyses indicate that the introns-late theory does indeed
yield the most parsimonious interpretation of the intron distribution in genes
such as GAPDH and TPI. Both introns-early views require extra events to have
occurred in the evolution of these genes. However, examination of the most
parsimonious reconstructions of intron evolution for TPI reveals that, for the
most part, intron positions shared between animals, plants and fungi are not
reconstructed to be ancestral to these groups. Yet, ironically, supporters of both
introns-early and late camps appear to agree that these introns were ancestral to
these groups (Logsdon et. al., 1995, de Souza et. al., 1996). This nicely illustrates
the serious pitfalls of using pure parsimony arguments in the debate over
alternative models of intron evolution. Clearly, if the cost of intron gain was
allowed to increase relative to loss in a weighted parsimony calculation, then at

some point, these introns would be reconstructed as ancestral. However, there is
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no a priori way of assigning these costs and hence, advocates of each theory could
settle on costs that caused their particular theory to become the most
parsimonious, returning the argument to stalemate.

In sharp contrast, likelihood methods can objectively address the debate
since there is a maximum likelihood ratio of the rates of intron loss to gain.

Using a likelihood framework, I have shown that for the GAPDH and TPI
datasets this loss:gain rate ratio appears to be in the range of 200-500:1. Clearly
this estimate suggests that intron loss is vastly more frequent than intron gain for
this dataset. Yet, the inverse of this ratio is significantly different from zero,
suggesting that a model where introns are only lost (hard introns-early) is
excluded. In addition, maximum likelihood reconstructions of intron position
sequences suggest, with >95% probability, that no introns were ancestral to either
the GAPDH or the TPI gene, favouring an introns-late view for both. It should
be noted that in these analyses, I have assumed that all positions in these genes
are equally likely to suffer intron insertion or loss. This same assumption was
used by Kersenach et.al. to show that the chance matching of the five GAPDH
introns shared by plastid and cytosolic enzymes by events of parallel insertion
was extremely unlikely (Kersenach, et al., 1994). The maximum likelihood results
indicate that even with this assumption, the extreme improbability of chance
matching is outweighed by the vanishing improbability of these introns being
retained from the common ancestor of these sequences and lost scores of times in
many independent lineages.

The ML reconstructions also suggest that no intron insertion appears to
have occurred in these genes prior to the common ancestor of animals, plants
and fungi. This result is consistent with the view that early-branching eukaryotic
groups such as diplomonads and trichomonads may primitively lack

spliceosomal introns (Roger & Doolittle, 1992Cavalier-Smith, 1993). Moreover,
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the reconstructions imply that widespread intron acquisition and loss in these
genes appears to have started in the common ancestor of animals, plants and
fungi and has continued to operate since this divergence. Although there was
quite a disparity between reconstructions using different tree topologies for
relatively recent nodes, the results concur to some degree with published
assignments as to which intron positions of these genes are ancestral to the
animal, plant and fungal groups, apparently made on the basis of intuition
(Logsdon et al., 1995, Kersenach et. al., 1994). Therefore, intuitive reasoning like

this may rely on principles more akin to likelihood than to parsimony.

Possible problems with the method.

In the absence of simulation studies, it is difficult to evaluate the
performance of this likelihood method for dealing with the problem of intron
evolution. However, it is clear that problems with the method may come from
several sources.

The maximum likelihood ratio of the rate of intron loss to gain in all cases
was in the range of 200-500:1. This ratio seems inordinately large. An
explanation for this comes from the fact that only 3-5% of positions in these genes
are interrupted by introns. Yet some of these positions appear to have suffered
several independent gains of introns in the trees while some fraction of the other
95-97% of positions have not. On the face of it, this seems like evidence that the
rate at which all sites gain introns may not be equal, perhaps because of the
propensity for introns to insert at particular "target" sites. If this is true, then the
implicit assumption of this method, that all sites evolve at a constant rate, is
violated. This violation may introduce a systematic bias into the method; if a
large proportion of uninterrupted sites are immune to intron insertion, then the

method will severely underestimate the probabilities of intron loss and gain (the
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branchlengths) in the tree. Moreover, the fact that they are invariable and intron-
lacking will bias the maximum likelihood estimate of the intron loss rate to be far
greater than it is in actuality, explaining the large ratio observed. This may, in
turn, bias the method into reconstructing ancestral sequences with too many
introns. Clearly, such a bias would favour the introns-early theory. However,
since the method found no support for either version of this theory, this bias may
not have adversely affected the tests of the alternative theories. By contrast, the
reconstructions of intron position sequences at more recent nodes could be
affected. A similar violation of models of DNA and protein evolution has been
discussed in the literature and several alternative models have been put forward
that allow for rate heterogeneity between sites (Yang, 1993, Felsenstein &
Churchill, 1995). Application of these kinds of models to the intron data may
allow for improved reconstructions of ancestral intron position sequences and
better estimates for the ratio of the rate of intron loss to gain.

In addition to the assumption of rate homogeneity, this method assumes
that the evolutionary process producing the intron distribution is at equilibrium;
simply put, the model of evolution should not be changing over the tree. The
violation of this assumption by the intron datasets may also be quite serious and
the validity of the results of this study depends on how robust the method is to
this kind of violation. The violation of this assumption is most serious when
evaluating the hard introns-early theory. An adequate representation of this
theory requires that the evolutionary process of intron evolution never comes to
equilibrium; if introns can only be lost, then their frequency will be ever
decreasing moving from the root of the tree to the tips. In addition, the introns-
late theory explicitly suggests that introns did not evolve until sometime in
eukaryote evolution. The application of a model that assumes constant loss and

gain over both eukaryotic and prokaryotic groups will also therefore be



110
inappropriate, because, according to this theory, spliceosomal introns could not be
inserted or lost in prokaryotic genes. Notwithstanding these problems, the
density of introns appears to vary vastly across taxa, indicating that the relative
rate of loss and gain has probably changed over the tree, once again leading to
non-equilibrium conditions. The analogous problem in developing models of
DNA evolution is the problem of varying base composition in different species.
However, for DNA this variation in base composition never extends to an order
of magnitude difference, yet intron densities can vary by at least 100 fold (J.
Logsdon, pers. comm.). Clearly, an equilibrium model of intron evolution is not
a very good approximation to reality when dealing with the huge evolutionary
divergences of this study. However, since the violations of the model come from
both introns-early and late theories, it is not clear whether the comparisons of
these theories in this study have been biased in favour of either view. In order to
deal with the problem of non-stationarity, intron models that do not have this
constraint are being developed by this author in a collaboration with Z. Yang.
Preliminary results obtained by this method concur with this study in suggesting
that an introns-late explanation is the most likely for TPI and GAPDH intron
datasets (Roger & Yang, unpublished data).

A final problem with this analysis may come from the lack of information
in the intron sequences. In this study there were only 47 and 22 site patterns for
the GAPDH and TPI datasets respectively. Yet for these datasets there were 177
and 83 parameters respectively in the form of branchlengths that were estimated
and optimized from these data. This paucity of data will cause the estimates of
these parameters to have large errors associated with them. This error will be
reflected in the ancestral sequence reconstructions that depend on the estimated
branchlengths for the calculation of posterior probabilities. Clearly, to solve this

problem more genomic sequence data from a wide variety of organisms is
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needed. If enough intron datasets are developed for a reasonable cross-section of
taxa, then the data can be concatenated and more sensitive likelihood analyses

like these can be performed.

Conclusions and perspectives.

If these potential problems with the intron model described in this chapter
can be corrected or shown to be relatively unimportant by simulation studies,
then with the wealth of new genomic sequence data, we may soon be able to
apply them to large datasets. Analyses of these datasets may yield more concrete
information about what periods in eukaryotic genome evolution were
characterized by episodes of intron gain, loss or a combination of the two. Such
information may also help in identifying taxa in which there is a lot of intron
flux. The identification and study of such organisms is essential to improve our
understanding of the mechanisms of intron gain and loss and will, in turn, allow
us to make improvements in the intron models.

The results reported in this chapter represent a first attempt towards
developing and testing several alternative intron models. This analysis clearly
found the introns-late view was favoured for the GAPDH and TPI enzymes. If
further analyses of other datasets have similar results, then the debate over
introns-early versus intron-late theories may soon come to a close. Hopefully, a

period of fruitful study of the dynamics of intron evolution will ensue.



Chapter 3
INTRODUCTION

The Archezoa hypothesis, as it was first proposed by Cavalier-Smith in
1983, suggested that several protist groups may have split from the main
eukaryotic lineage prior to the endosymbiotic origin of mitochondria (Cavalier-
Smith, 1983a, 1983b). Over the years Cavalier-Smith and others have suggested a
number of amitochondrial protist groups that may belong in the Archezoa,
including: diplomonads, retortamonads, oxymonads, Microsporidia,
archamoebae and trichomonads. Testing whether an organism is truly
archezoan relies on evidence of two sorts. Firstly, if an organism is primitively
amitochondrial, then one expects that on molecular phylogenies it will diverge
prior to all mitochondrion-containing eukaryotes. Secondly, an archezoan
should not display any features that were acquired by eukaryotes as a result of
mitochondrial endosymbiosis.

While the archezoan nature of retortamonads and oxymonads cannot yet
be evaluated since no molecular data exist for representatives of either group,
relevant information has been accumulating for the other groups. It is becoming
increasingly clear that proposed archamoebae such as Entamoeba histolytica,
Phreatamoeba balamuthi and Pelomyxa sp. are probably not Archezoa. Each of
these organisms has been shown to branch from within mitochondrial
eukaryotes in rRNA trees, implying that they have secondarily lost mitochondria
(Sogin, 1991, Hinkle et al., 1994, Morin & Mignot, 1995). The presence of genes of
mitochondrial origin in Entamoeba histolytica has confirmed that mitochondrial
functions have been lost in this lineage (Clark & Roger, 1995). Moreover, the
placement of Microsporidia within the Fungi (see Chapter 1, Edlind et al., 1996, Li
et al., 1996) in tubulin trees suggests that this protist phylum may also be derived

from mitochondrion-bearing ancestors. By contrast, phylogenetic evidence
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supports the view that diplomonads and trichomonads are Archezoa; they have
been shown to branch prior to mitochondriate groups in several molecular
phylogenies (Sogin, 1991, Klenk ef al., 1995, Gunderson et al., 1995, Cavalier-
Smith & Chao, 1996, Quon et al., 1996, see also Chapter 1). Thus, the archezoan
nature of trichomonads and diplomonads, until recently, was widely accepted
(Patterson & Sogin, 1992, Miiller, 1993, Margulis, 1996).

Nevertheless, there are dissenters from this view. Ironically, since 1987
Cavalier-Smith has argued vociferously against the the primitively
amitochondrial nature of trichomonads (Cavalier-Smith, 1987a). The
disagreement hinges partly on differing interpretations of the origin of
hydrogenosomes, unusual energy-generating organelles found in trichomonad
cells. Hydrogenosomes function in the metabolism of pyruvate produced by
glycolysis, generating ATP by substrate-level phosphorylation and evolving
molecular hydrogen (Steinbuchel & Miiller, 1986). Like mitochondria, they
possess a double-membrane envelope and divide autonomously by fission
(Miiller, 1993). However, it is unclear whether trichomonad hydrogenosomes
share a common ancestor with mitochondria or instead descend from a distinct
endosymbiotic event: phylogenetic analyses of genes encoding hydrogenosomal
proteins have so far failed to yield a strong link with the mitochondrial or any
other specific eubacterial lineage (Miiller, 1993, Johnson et al., 1993, Hrdy &
Miiller, 1995, Miiller, 1996).

Hydrogenosomes are also found in several other protist groups, and their
origins are equally obscure. In the Ciliophora, their presence in several
phylogenetically isolated anaerobic groups suggests that they may have evolved
three to four times independently (Embley et al., 1995). The presence of
membranous invaginations in some of these ciliate hydrogenosomes suggests a

morphological connection with mitochondria, organelles that are lacking in these
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cells (Finlay & Fenchel, 1989, Embley & Finlay, 1994). Hydrogenosomes also
appear to have arisen separately in chytridiomycete rumen fungi such a
Neocallimastix (Yarlett et al., 1986). In this case, the presence of a single bounding
organellar membrane has been suggested by Cavalier-Smith to be indicative of a
peroxisomal origin (Cavalier-Smith, 1987a). Most recently, hydrogenosome-like
organelles have been reported in the amoeboflagellate genera Psalteriomonas and
Lyromonas (Broers et al., 1990, Brul et al., 1994, Brul & Stumm, 1994). Once again,
it appears that these double membraned organelles could be derived from
mitochondria, although there is no direct evidence to support this claim (Brul &
Stumm, 1994).

In this study, we sought to clarify the origin of hydrogenosomes in the
trichomonad lineage. In so doing, we hoped to settle the controversy over
whether the amitochondrial nature of these protists was a primitive or derived
state. Previously, we reported the existence of two genes of mitochondrial origin
that are retained in the amitochondriate amoeba Entamoeba histolytica (Clark &
Roger, 1995). One of these genes, chaperonin 60 (cpn60), seemed an obvious
gene to search for in trichomonads. In most eukaryotes, homologs of chaperonin
60 aid in the refolding of proteins after their import into mitochondria and
plastids (Stuart et al., 1994). We reasoned that if trichomonad hydrogenosomes
were of endosymbiotic origin, then a cpn60 protein may perform a similar
function in trichomonad hydrogenosomes. Phylogenetic analysis of the sequence
of this gene could identify the closest eubacterial or organellar relatives of the

hydrogenosome, thereby settling the question of its origin.
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RESULTS
Isolation of a cDNA clone of the T. vaginalis cpné0 gene.

Our approach to finding a cpn60 gene in T. vaginalis was essentially the
same as that was used in previous collaborative work on E. histolytica (Clark &
Roger, 1995). Degenerate oligonucleotide primers were employed to amplify a
1.0 kb fragment of the gene with the polymerase chain reaction, and this DNA
fragment was used to screen a cDNA library.

The complete sequence of the largest cDNA clone was obtained. The
restriction site used in the cDNA cloning was fused directly to the 5' end of the
coding region and no start codon was present in the sequence, indicating that the
cDNA was truncated. The presence of a polyA tract 35 bp downstream of a UAA
stop codon and the distinctive pattern of codon usage suggests that this cONA
was derived from T. vaginalis and not a bacterial contaminant. A Southern blot of
T. vaginalis DNA digested with various restriction endonucleases, with this
cDNA as a probe, revealed a single hybridizing band, implying that the protein
is encoded by a single copy gene (data not shown) and confirming that T.

vaginalis was its source.

Alignment and phylogenetic analysis.

The predicted T. vaginalis cpné0 protein, 544 amino acids in length, was
entered into a previously reported alignment (Clark & Roger, 1995). To improve
the taxonomic representation of the dataset near the node of interest, sequences
from the o-Proteobacteria Cowdria ruminantium , Bradyrhizobium japonicum
(groEL3) and Brucella abortus were added to the dataset. The final alignment
contained the partial E. histolytica sequence, 4 eukaryotic mitochondrial
homologues, 13 sequences from proteobacteria, 2 spirochetes and a chlamydia.

Distance and parsimony analyses were based on 519 positions of this alignment.
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For the maximum likelihood analyses, shared missing data were removed from
the dataset yielding 501 alignment positions for analysis. However, for the
analysis where the partial Entamoeba histolytica sequence was included, all
positions missing in this sequence were eliminated from the alignment, leaving a
final dataset of 362 positions. The maximum likelihood analysis required the use
of a semi-constrained tree. Using the distance tree as a guide, several groups
were constrained to be monophyletic: the spirochetes, the ¥-and -
Proteobacteria, the non-Rickettsiales o-Protebacteria and a mitochondrial cpné0
subtree was constrained consisting of animals, fungi and plants. All possible
topologies containing these sub-trees were then evaluated and the trees of
highest log-likelihood were determined for all datasets examined.

Preliminary phylogenetic analyses based on the full species dataset using
neighbour-joining distance, maximum parsimony and maximum likelihood
methods were performed (Fig. 3.1A).

The three methods generated similar trees. Mitochondrial sequences were
specifically related to the Rickettsiales group (comprised of Ehrlichia chaffeensis,
Cowdria ruminantium and Rickettsia tsutsugamushi) of the a-Proteobacteria, similar
to previously published phylogenies (Viale et al., 1994, Clark & Roger, 1995). In
both neighbour-joining distance and maximum likelihood analysis, the T.
vaginalis sequence formed a clade with the mitochondrial and E. histolytica cpné0
homologs. By contrast, maximum parsimony yielded five trees of equal length,
all of which placed the T. vaginalis sequences as a specific sister group to the
Rickettsiales sequences.

The bootstrap majority rule consensus trees from all three methods
indicated that the T. vaginalis/ E. histolytica/mitochondrial clade was the
preferred topology in every case, including parsimony (Fig. 3.1A). For maximum

likelihood, the support for this grouping was strong (90%) while distance and
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Figure 3.1 Phylogenies of cpn60 homologs. The trees shown are derived from neighbour-joining analysis of a PAM-corrected distance
matrix. Percentage bootstrap support is shown above selected branches in boxes, from bootstrap analyses employing the ML (protein
maximum likelihood), NJ (neighbour-joining distance), and MP (maximum parsimony) methods. For NJ and MP, 500 bootstrap replicates
were performed. The ML bootstrap values were obtained using the RELL method with 10, 000 iterations. (A) Cpn60 tree derived from the
full ali t. The maximum likelihood tree (In likelihood = -8933.6) differed from the neighbour-joining tree by the placement of the T.
vaginalis and E. histolytica sequences as sister groups. Parsimony generated five trees of length = 2369 all of which differed principally from
the tree shown by the placement of T. vaginalis as a sister group of the Rickettsiales species. Asterisks (*) indicate that the method used did
not recover this node in the majority of bootstrap replicates. (B) Cpné0 tree with the E. histolytica sequence excluded. Maximum likeliheod
yielded a tree of identical topology (In likelihood =-12181.7), while parsimony generated three trees of length = 2209. Two of these differed
from the neighbour-joining tree by the placement of the a-Protebacteria (excluding the Rickettsiales) as a sister group to the ¥-and
B-Proteobacteria. The third differed by placing T. vaginalis as an immediate relative to the Rickettsiales (see text).
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parsimony methods yielded significantly weaker support (50% and 24%
respectively).

Previous analysis of the cpn60 gene from E. histolytica showed that the
extremely divergent nature of this sequence sometimes resulted in an affinity for
the rickettsia, Ehrlichia chaffeensis, an artifactual result likely due to the long
branch attraction phenomenon (Felsenstein, 1978, Hasegawa & Fujiwara, 1993,
Clark & Roger, 1995,). We suspected, therefore, that the presence of the divergent
E. histolytica sequence in the dataset may have been responsible for the poorly
supported T. vaginalis/ E. histolytica/mitochondria node in distance and
parsimony analysis. In order to study the placement of the T. vaginalis sequence
in the cpné0 tree without the confounding influence of the E. histolytica sequence,
we chose to exclude the latter from the subsequent analysis.

Analysis of the dataset without the E. histolytica sequence using
neighbour-joining distance and maximum likelihood analyses indicated that the
T. vaginalis cpn60 sequence clustered with those of mitochondrial origin to the
exclusion of all other sequences. As expected, the exclusion of E. histolytica
caused bootstrap values for this relationship to increase for all three methods
(Fig. 3.1B), with highly significant bootstrap values (>90%) for neighbour-joining
and maximum likelihood analyses. However, maximum parsimony analysis still
yielded relatively poor bootstrap support for this relationship. Moreover, three
equally parsimonious trees were found, two of which displayed the T.
vaginalis /mitochondria grouping whereas a third placed T. vaginalis as a specific
sister group to the Rickettsiales (not shown).

To understand this result, we examined the impact of the inclusion and
exclusion of Rickettsiales species on the bootstrap support for the T. vaginalis/
mitochondria node and the alternative T. vaginalis /Rickettsiales node (Fig. 3.2).

Deletion of the Rickettsia sequence causes bootstrap support for the
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Species of Rickettsiales included Topology
Method Ec, Cr, Rt Ec,Cr Rt
NJ 92 99 68
Mitochondria
MP 46 67 41
Trichomonas
ML 100 99 89 Rickettsiales
7 0 32
N Mitochondria
MP 30 6 46 )
Trichomonas
ML 0 1 11 Rickettsiales

Figure 3.2 The impact of the sampling of Rickettsiales species on the bootstrap support for two

alternative topologies of the cpné0 tree. The dataset excluding the E. histolytica sequence, was

used to examine the bootstrap support for two alternative clades each indicated by a black dot (e)
on the two trees. (A) The T. vaginalis / mitochondria clade found by neigbour-joining, maximum
likelihood and two of the three maximum parsimony trees. (B) The T. vaginalis /Rickettsiales clade
displayed by one of the three maximum parsimony trees (see text). Percentage bootstrap support

for each clade is indicated to the left of the trees. Three different combinations of Rickettsiales
species were used in the dataset. Species abbreviations are: Ec, Ehrlichia chaffeensis; Cr, Cowdria

ruminantium and Rt; Rickettsia tsutsugamushi. For each combination of species, bootstrap support

for the clade was evaluated using NJ (neighbour-joining distance), MP (maximum parsimony)
and ML (protein maximum likelihood) methods.
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T. vaginalis/ mitochondria node (Fig. 3.2A) to increase in both neighbour-joining
and parsimony analysis and support for the alternative T. vaginalis /Rickettsiales
node (Fig. 3.2B) to decrease (the maximum likelihood bootstrap value was not
strongly affected). Conversely, deletion of the highly similar Ehrlichia and
Cowdria sequences causes bootstrap support for T. vaginalis /mitochondria to
decrease for all methods with the alternative node receiving the majority of the
remaining bootstrap support. It is clear from this that the affinity of the T.
vaginalis sequence for the Rickettsiales is largely due to the presence of the
Rickettsia tsutsugamushi sequence in the dataset. However, the effect is most
apparent when maximum parsimony and neighbour-joining methods are used.

Maximum likelihood, by contrast, appears to be far less sensitive to this

species sampling effect, in each case providing strong support for the T.
vaginalis / mitochondria node. Since the maximum likelihood method has been
shown to be more robust under conditions of substitution rate inequality
between lineages (Hasegawa & Fujiwara, 1993, Kuhner & Felsenstein, 1994), we
suggest that these conditions are the likely source of the T. vaginalis/Rickettsiales
affinity observed in some of the parsimony and distance analyses. In any case,
the T. vaginalis /mitochondria relationship is clearly preferred in 8 out of 9 of the
phylogenetic analyses shown in Fig. 3.2, suggesting that this is likely the true
gene phylogeny and that the alternative topology is artifactual.

DISCUSSION

Bozner recently used heterologous antibodies to immunolocalize a cpn60
homolog in trichomonads of the genus Tritrichomonas, showing that the cellular
distribution of the cross-reacting protein is most consistent with a
hydrogenosomal location (Bozner, 1996). Since we detected no other homologs of

cpn60 in T. vaginalis, the gene we report probably encodes a hydrogenosomal
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protein. After this study was completed, Horner et al. (1996) and Bui et al. (1996)
also reported the sequence of this gene. The latter group showed that the protein
contains a N-terminal leader sequence that is processed after import into
hydrogenosomes, confirming our inferences made on the basis of the
immunological data.

In other eukaryotes, cpn60 is known to function in the refolding of
proteins following their transit across organellar membranes (Stuart et al., 1994),
suggesting that the T. vaginalis homolog may perform a similar function in the
hydrogenosome. One other protein involved in protein refolding after organellar
import is a specific isoform of the molecular chaperone hsp70. In two recently
published papers, Germot et al. (1996) and Bui et al. (1996) report the existence of
a gene encoding a mitochondrial isoform of hsp70 in T. vaginalis and also
conclude that it likely has a hydrogenosomal location.

There are three possible origins, not mutually exclusive, for the T. vaginalis
chaperonins. They could be derived from either the mitochondrial symbiont
genome, the genome of the symbiont that gave rise to the hydrogenosome, or
they could have been acquired by lateral transfer from another organism with
which the ancestral trichomonad formed a transient symbiosis that did not result
in the formation of an endosymbiotic organelle. Whichever of these possibilities
is correct, the organism of origin for the chaperonin genes must have been very
closely related, if not identical, to the mitochondrial endosymbiont.

Several distinct scenarios for the origin of the hydrogenosome are
possible:

1. Trichomonad hydrogenosomes might have evolved directly from

mitochondria by the loss of mitochondrial DNA and the electron transport

chain (Cavalier-Smith, 1987a). If this is true, then proteins found in these

hydrogenosomes but lacking in mitochondria must have been secondarily
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acquired to complete the conversion. For hydrogenosomal enyzmes such
as pyruvate:ferredoxin oxidoreductase, found in the cytosol of
amitochondrial eukaryotes such as Giardia lamblia and E. histolytica
(Miiller, 1996), this may have only required the acquisition of a targeting
peptide onto the N-terminus of the protein. However, it is unclear how
enzymes such as hydrogenase, unique to hydrogenosomes but lacking in
mitochondria and the cytosol of other eukaryotes (Miiller, 1996), were
acquired by the ancestral trichomonad. The hydrogenosomal chaperonins
in this case are derived from those of the mitochondrion. This scenario is
supported by circumstantial evidence that hydrogenosomes in other
eukaryotes appear to have arisen by conversion of mitochondria. For
instance, hydrogenosomes of some ciliates bear mitochondrial cristae-like
structures (Fenchel & Finlay, 1989, Embley & Finlay, 1994) while those of
Psalteriomonas lanterna are enveloped by a layer of endoplasmic reticulum
(ER) (Broers et al., 1990, Brul et al., 1994) in exactly the same arrangement
that mitochondria are found to be associated with the ER in related
heterolobosean amoeboflagellates (Page & Blanton, 1985).

2. A second view holds that hydrogenosomes and mitochondria are
derived from a single endosymbiotic ancestor, which had all of the
characteristics of both descendants (Johnson et al., 1993). The lineage
leading to trichomonads may have diverged from that leading to
mitochondriate eukaryotes before the constituents of the present-day
mitochondrion became fixed, with the two lineages retaining different
functions of their shared ancestral symbiont. This view is supported by
the finding that most hydrogenosomal enzymes, where comparative data
exist, tend to be more similar to their eubacterial than their archaebacterial

homologs (Miiller, 1996), consistent with an endosymbiotic origin. This
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scenario also implies that selection for aerobic metabolism need not have
been the sole force driving the initial integration of the symbiont, as is
often suggested for mitochondria (Sagan, 1967, Margulis, 1970, Cavalier-
Smith, 1987a).

3. A third possibility is that two independent endosymbioses involving
closely related a-Proteobacteria occurred early after the divergence of
trichomonads from the rest of the eukaryotes, giving rise (perhaps because
of different selection pressures) to the hydrogenosome in the former case
and mitochondria in the latter. In this scenario, the two organelles, and
their chaperonins, share a pre-endosymbiosis common ancestry. However,
the conversion from an endosymbiotic bacterium to an organelle likely
requires many rare mutations to occur in succession (Cavalier-Smith,
1987a). Since this scenario requires that two such conversions occurred
independently from the same bacterial lineage, it seems less probable.

4. Ttis also possible that an ancestral trichomonad possessed both the
hydrogenosome and the mitochondrion but the two organelles had quite
distinct endosymbiotic origins (Miiller, 1993). Mitochondria were
subsequently lost and certain proteins, including cpn60 and hsp70, were
co-opted for use in the hydrogenosome. A distinct endosymbiotic origin
for the hydrogenosome may explain the biochemical similarity noted
between hydrogenosomes and some anaerobic bacteria (Miiller, 1980).

5. Finally, it is possible that the hydrogenosome is not of endosymbiotic
origin and the chaperonin genes were derived from a lateral transfer event
from a mitochondrion-containing eukaryote or an unknown
proteobacterial endosymbiont. In this case, the chaperonin genes are not

indicative of the origin of the hydrogenosome as a whole.
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In our opininon, scenarios 1 and 2 are the most likely and we believe that
trichomonad hydrogenosomes and mitochondria share a common endosymbiotic
origin. Regardless of which scenario is true, however, the phylogenetic affinities
of the cpn60 sequence in particular make it clear that an ancestor of
trichomonads had an intimate relationship with an organism closely related to
the mitochondrial symbiont that persisted long enough for gene transfer from its
genome to the cell nucleus to take place.

From this example it is clear that the lack of mitochondrial functions
coupled with a deeply-branching position for an organism in phylogenetic trees
are not sufficient evidence that the organism evolved prior to the endosymbiotic
origin of mitochondria. Two other amitochondrial protist groups occupy the
deepest branches in SSU rRNA trees: diplomonads and microsporidia (Sogin,
1991, Cavalier-Smith, 1993). However, the case for the archezoan nature for these
two groups is also weakening. Recent evidence from phylogenetic analyses of
tubulins suggest that the rRNA trees may be in error and the Microsporidia may
actually be related to fungi (see Chapter 1, Edlind et al., 1996, Li et al., 1996). If
this phylogenetic placement is correct, then this group must also have suffered
secondary loss of mitochondria. In the diplomonad G. lamblia, a 60 kDa protein
which cross-reacts with anti-mitochondrial cpn60 antibodies has been described
(Soltys & Gupta, 1994), although sequence data are not currently available.
Moreover, it has been suggested that eukaryotic glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) genes derive from mitochondrial endosymbiosis
(Martin et al., 1993, Roger et al., 1996). Their presence in G. lamblia (Markos et al.,
1993, Henze et al., 1995), other diplomonads (Rozario et al., 1996) and
Microsporidia (Chapter 2), could therefore also imply the loss of mitochondria
from these organisms. However, better evidence for mitochondrial loss is

needed before firm conclusions can be made. A concentrated search for
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endosymbiotically-derived genes in these amitochondrial groups may help to

decide whether the Archezoa are extinct.



Chapter 4
INTRODUCTION

Superoxide dismutases fall into two evolutionarily distinct families of
enzymes: Copper, Zinc-SODs and Iron-/Manganese-SODs. These enzymes are
important for the detoxification of superoxide (O7") radicals produced as a by-
product of enzymatic oxidation reactions (Beyer et al., 1991). Smith and Doolittle
have shown that the Fe- and Mn-SOD enzymes constitute an ancient superfamily
of proteins with homologs found in both eukaryotic and prokaryotic cells (Smith
& Doolittle, 1992). Specifically, Mn-SOD appears to be a ubiquitous enzyme that
is found in many eukaryotes (where it is targetted to mitochondria),
archaebacteria and a wide variety of eubacterial cells. By contrast Fe-SOD
appears to have a much narrower phylogenetic distribution, found typically in
eubacterial lineages such as the Cyanobacteria and their endosymbiotic
descendants, chloroplasts, the Bacteroides and the Proteobacteria. Smith and
Doolittle's analysis showed that the Mn-SOD enzyme was likely present in the
common ancestor of all cells and was retained in eukaryotes, Archaebacteria and
Eubacteria. However, within the eubacterial lineage, a duplication appears to
have occurred to produce the Fe-SOD enzyme family. As expected, some
organisms that diverged after the duplication event, such as E. coli, still possess
both Mn- and Fe- SODs.

Because Fe-SOD appeared to be an exclusively eubacterial (and plastid)
enzyme, its recent discovery in the amitochondriate non-photosynthetic protist
Entamoeba histolytica came as a surprise (Tannich et al., 1991). Smith et al. (1992)
rationalized this finding by suggested that the gene was acquired by a rare event
of lateral transfer from prokaryote to eukaryote. Several years later, Clark and
this author showed that Entamoeba, although lacking recognizable mitochondria,

appears to have retained two genes of mitochondrial origin: mitochondrial
126
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chaperonin 60 and pyridine nicotinamide transhydrogenase (Clark & Roger,
1995). In this report, we suggested that the Fe-SOD in this organism could
represent a third gene acquired via mitochondrial endosymbiosis, since within
the SOD tree it clusters with the Proteobacteria, the immediate relatives of the
mitochondrial endosymbiont.

This study is an attempt to address this hypothesis. I reasoned that if Fe-
SOD was transferred to the nucleus after the endosymbiotic origin of
mitochondria, then it must have been ancestrally present in mitochondriate
eukaryotes. If this was so, then other eukaryotic groups should possess the
enzyme. Secondly, an endosymbiotic origin for this enzyme would be most
clearly demonstrated if the eukaryotic homologs clustered specifically with a-
Proteobacteria, the closest relatives of mitochondria. To test these postulates, a
PCR approach was used to amplify a portion of the SOD gene from several
protists: the diplomonad, Giardia lamblia; the trichomonad, Trichomonas vaginalis;
the heterolobosean, Naegleria andersoni ; and the microsporidian Encephalitozoon
hellem. SODs were also amplified from two o-Proteobacteria: Rhizobium etli and

Agrobacterium tumefaciens.

RESULTS

The SODF1 and SODR1 primers produced products of approximately 450
bp from each organism tested. While this study was in progress, Fe-SODs from
three other protists appeared in the database: Plasmodium falciparum, Trypanosoma
cruzi and Leishmania donovani. These sequences, the sequences obtained in this
study and six other a-proteobacterial SOD sequences obtained by P. Keeling,
were entered into a full alignment of both Mn- and Fe- SODs. Preliminary
phylogenetic analysis using this dataset showed that the products from G.
lamblia, T. vaginalis, N. andersoni and A. tumefaciens fell within the Fe-SOD family
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of proteins. By contrast, the R. etli and E. hellem products showed clear Mn-SOD
affinities, even though the latter sequence was extremely divergent. Our analysis
confirmed Smith and Doolittle's contention that the Fe-SOD family forms a
coherent group falling within the eubacterial Mn-SOD subtree (Smith &
Doolittle, 1992). Since this study focuses on the Fe-SOD family, further analysis
of the Min- enzymes was not undertaken.

A portion of the Fe-SOD alignment is shown in Fig. 4.1. Clearly, the
enzyme is not particularly well suited to phylogenetic analysis because of its
small length. Nevertheless, parsimony and distance analyses were carried out on
a dataset of 180 positions from 32 aligned Fe-SOD protein sequences. A
maximum parsimony tree is shown in Fig. 4.2. The relative branching order of
the major groups was extremely unstable, and differed substantially between
methods. Furthermore, bootstrap analysis using both methods showed that most
of the internal structure of the Fe-SOD tree was not well supported (Fig. 4.2). The
o- and y-Proteobacteria both form polyphyletic groups in this tree, despite good
evidence for their monophyly from SSU rRNA analyses (Olsen et al., 1994).
Eukaryotic sequences branch in various places in the tree. The Giardia sequence
does not group with any other eukaryotes, but instead forms a moderately
supported clade with the g-proteobacterium Bordatella pertussis. Entamoeba
histolytica and Trichomonas vaginalis sequences are also intermingled with some Y-
proteobacterial sequences, but these groupings receive only weak bootstrap
support. In sharp contrast, the SODs from Plasmodium falciparum, the
kinetoplastids and Naegleria andersoni do form a monophyletic group in both
distance and parsimony trees. Interestingly, N. andersoni and the kinetoplastids
group together with extremely high bootstrap support in both analyses. The a-
proteobacterium, Ehrlichia chaffeensis, is an outgroup to this eukaryotic clade, but

once again, the grouping is not well supported. Plastids and Cyanobacteria
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. . . . . . . 75
T.va QAYIDTANKLIVGS-GLEGKSIEEVIQKA--——--QGPLFNNV
N.an KGYAVKLNELAQTETALAGKTIEEILLNF-~~—~ KGKAFNLS
G.la QTYVTNLNNLIKGT-EFENLSLEEIVKKA-———— SGGIFNNA
L.do MVF'SIPPLPWGYDGLAAKGLSKQQVTLHYDKHHOGYVTKLNAAAQTNSALATKSIEEIIRTE-———- KGPIFNLA
T.cr MVFSIPPLPWGYDGLAAKGLSKOQVTLHYDKHHQGY VTKLNAAAQTNSALATKSTEEIIRTE-———- KGPIFNLA
P.fl MVITLPKLKYALNALSPH-ISEETLNFHYNKHHAGYVNKLNTLIKDT-PFAEKSLLDIVKES————-— SGAIFNNA
E.hi MSFQLPQLPYAYNALEPH- I SKETLEFHHDKHHATYVNKLNGLVKGT -EQEHKTLEEL IKQKP-~~~TQATYNNA
A.tu KAYVDNGNKLAAEA-GLSDLSLEEVVKKSFG--TNAGLFNNA
E.co MSFELPALPYAKDALAPH-ISAETIEYHYGKHHQTYVTNLNNLIKGT-AFEGKSLEEITIRSS----= EGGVFNNA
A.ni MSYELPALPFDYTALAPY - ITKETKEFHHDKHHAAY VNNYNNAVKDT -DLDGQPIEAVIKATAGDASKAGLFNNA
B.gi MTHELISLPYAVDALAPV-ISKETVEFHHEKHLKTYVDNLNKLIIGT-EFENADLNT IVQKS-~--— EGGIFNNA
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T.va AQHFNHSFFWKCLTPEK--VDVPSKVVDVLASNFESVEKFKETFTAKASTVFGSGWCYLYKNKDG~KCEIGQYSN

N.an AQUVFNHNFYWQSIGPNAG-GVPTGKIAAEIEKSFGSFDKFKAEFNTQAVNHFGSGWVWLVROKDNNNLSVVSTHD

G.la AQUWNHTFFWNSLSPQGG-GAPTGALADAINAKWGSFDKFKEEFAKTAVGTFGSGWAWLVKKADG-SLDLVSTSN

L.do AQIFNHTFYWESMCENGG-GEPTGKLADEINASFGSFAKFKEEFTNVAVGHF GSGLAWLVKDTNSGKLKVYDTHD

T.cr AQIFNHTFYWESMCPNGG-GEPTGKVADEINASFGSFAKFKEEFTNVAVGHF GSGLAWLVKDTNSGKLKVYQTHD

P.fl AQIWNHTFYWDSMGPDCG-GEPHGE IKEKIQEDFGSFNNFKEQF SNILCGHF GSGWGWLALNNNN-KLVILQTHD

E.hi AQAWNHAFYWRKCMCGCG--VKPSEQLIAKLTAAFGGLEEFKKKFTEKAVGHF GSGWCWLVEHDGK--LEITDTHD

A.tu  AQHYNHVHFWKWLKKDGGGNKLPGKLEQAFASDLGGYDKFKADFIAAGTTQFGSGWAWVSVKNGK-~LEISKTPN

E.co  AQVWNHTFYWNCLAPNAG-GEPTGKVAEATAASFGSFADFKAQFTDAATKNFGSGWIWLVKNSDG-KLAIVSTSN

A.ni AQAWNHSFYWNSIKPNGG-GAPTGALADKTAADFGSFENFVTEFKQAAATQFGSGWAWLVLIDNG-TLKIKTTGN

B.gi GOQTLNHNLYFTQFRPGKG-GAPKGKLGEAIDKQFGSFEKFKEEFNTAGTTLFGSGWVWLASDANG-KLSIEKEPN
. . . . . 208

T.va AANPVKDG-HKPLLTV

N.an GGCPLTDG-LVPVLTC

G.la ARTPLTTD-AKALLTI

L.do AGCPLTEPNLKPLLTCDVWEHAYYVDYKNDLAGYVQAFLN-VVNWKNVERQL.*

T.cr AGCPLTEPNLKPLLTCDVWEHAYYVDYKNDRAAYVQTFWN-VVNWKNVERQL*

P.fl AGNPIKDNTGIPILTCDIWEHAYYIDYRNDRASYVKAWWN-LVNWNFANENLKKAMKK*

E.hi AVNPMTNG-MKPLLTCDVWEHAYY IDTRNNRAAYLEHWWN-VVNWKEVEEQL *

A.tu GENPLVHG-AEPILGV

E.co AGTPLTTD-ATPLLTVDVWEHAYY IDYRNARPGYLEHFWA-LVNWEFVAKNLAA*

A.ni ADTPIAHG-QTPLLTIDVWEHAYYLDYQNRRPDYISTFVEKLANWDFASANYAAARTA*

B.gi AGNPVRKG-LNPLLGFDVWEHAYYL TYQONRRADHLKDLWS - IVDWDIVESRY *

Figure 4.1 An alignment of Fe-S50D sequences obtained in this study with homologs from other
organisms. The species name abbreviations are T.va: Trichonionas vaginalis; N.an: Naegleria
andersoni: G.la: Giardia lamblia; L.do: Leishmania donovani; T.cr: Trypanosoma cruzi; P.fl:
Plasmodium falciparum; E.hi: Entamoeba histolytica; A.tu: Agrobacterium tumefaciens; E.co:
Escherichia coli; A.ni: Anacystis nidulans; and B.gi: Bacteroides gingivalis. The bolded taxon
labels indicate the sequences obtained in this study. Asterisks (*) indicate stop codons. The
sequences in the alignment are selected from a full alignment of 32 Fe-50D homologs.



_ﬂ:iamp ylobacter jejuni
Helicobacter pylori

_S_S_E:_ES-Meﬁchia coliF
Photobacterium leiognathi

_i—_—idﬁvibn’o bacteriovorus
Trichomonas vaginalis
e ——— Entamoeba histolytica

Coxiella burnetii

_1%[_- Pseudomonas aeruginosa B
Pseudomonas putida

__'IQE— Bordatella pertussis
T Giardia lamblia
Legionella pneumophila

100 [ Trypanosoma cruzi
Leishmania donovani

94
] L Naegleria andersoni

Plasmodium falciparum
Ehrlichia chaffeensis

91

Agrobacterium tumefaciens
Bartonella bacilliformis

Afipia felis

73

20 steps
—

Afipia broomeae
_98_: Bacteroides gingivalis
Bacteroides fragilis
Rickettsia prowzekii
ﬂl:- Arabidopsis thaliana
87 Nicotiana plumbaginifolia
Glycine max

Chlamydomonas reinhardltii
Plectonema boryanum

100 I—Anacystis nidulans
Synechacoccus PCC7942

130

S5-Proteobacteria

yProteobacteria

Trichomonadida
Entamoebida

+Proteobacteria

Diplomonadida

Kinetoplastida
(Euglenozoa)

Heterolobosea

Apicomplexa

a-Proteobacteria

Bacteroides

a-Proteobacteria

Plastids and
Cyanobacteria

Figure 42 A tree of Fe-SOD inferred using the parsimony method. One of two equally parsimonious trees
of steps is shown (length = 1239 steps). Bolded taxon labels denote eukaryotic sequences. The percentage
bootstrap support from 300 bootstrap replicates are shown above the branches. Values of <50% are not
shown. Neighbour-joining distance analysis yielded a tree which differed markedly from the tree

above. However, the differences occurred principally at nodes poorly supported by bootstrap analysis
using both distance and parsimony methods.
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group together consistent with an endosymbiotic origin for the former nuclearly-
encoded enzymes. The separation of this group from the Proteobacteria and the
Bacteroides was consistent between methods, but poorly supported. The
Bacteroides sequences, however, fell within the Proteobacteria with their
placement differing between distance and parsimony trees. Their branching

position was not well supported in either case.

DISCUSSION

The finding of Fe-SOD genes in representatives of five distinct protist
groups contradicts earlier suggestions that this enzyme is present only in
eubacteria and plastids (Beyer et al., 1991). Generalizations like this are often
made based on data from animals, plants and fungi. It should be remembered
that the protists comprise most of the phylogenetic diversity of eukaryotes and
generalizations about eukaryotes should only be made when enough of this
diversity is sampled (Cavalier-Smith, 1993a).

The phylogenetic analysis of the Fe-SOD family shows principally that
this molecule retains little phylogenetic information. The causes of this are likely
twofold. Firstly, the small size of the protein severely limits the total amount of
information it can contain. Secondly, there appear to be extremely conserved
invariant sites as well as highly variable sites in this molecule (Fig 4.1). Both of
these kinds of sites are less informative than ones that evolve at a more moderate
pace; invariant positions by definition do not contain phylogenetic information,
while highly variable sites are often saturated by multiple overlapping
substitutions. In addition, the presence of rate heterogeneity between sites is a
violation of both the distance model employed and the assumptions of
parsimony. Clearly, the odds are stacked against the recovery of an accurate

phylogeny under these conditions.
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Since the SOD tree is so poorly resolved the conclusions about the origin
or origins of the eukaryotic enzymes can only be tentative. The hypothesis under
test was that the Entamoeba histolytica enzyme was derived from mitochondrial
endosymbiosis I have confirmed that Fe-SOD enzymes are present in other
eukaryotic groups as expected if this hypothesis were true. However, there is no
clear evidence that all of these eukaryotic sequences are derived from the same
source. The phylogenetic placement of the eukaryotic Fe-SOD enzymes within
the proteobacterial/Bacteroides grouping is at odds with an origin for this
protein by shared common ancestry with the eubacteria. It is more likely that
they were derived from one or several events of eubacterial to eukaryotic lateral
transfer. The number of these events cannot be determined precisely, but the tree
only implies a maximum of four. Moreover, since the o.-Proteobacteria do not
appear to cluster strongly with any of the eukaryotic enzymes, a mitochondrial
origin of even some of these enzymes cannot be confirmed. The most one can
say is that a monophyletic, mitochondrial origin for these eukaryotic Fe-50D
enzymes is consistent with the data but not strongly endorsed by them. Perhaps
once the full sequences of the eukaryotic and o-proteobacterial SODs described
in this study are obtained, a clearer picture of the phylogeny will emerge.

A mitochondrial origin for these enzymes is favoured on a priori grounds.
It is well known that many genes were transferred to the eukaryotic nucleus from
the o-proteobacterial endosymbiont that gave rise to mitochondria (reviewed in
Gray, 1992). Thus, the presence of proteobacterial-like enzymes in eukaryotes is
best explained by appeal to this known source of such genes. Curiously, three of
the eukaryotic Fe-SOD genes known are found in amitochondrial protists. Since
there is now strong evidence for the secondary loss of mitochondrial functions in
E. histolytica (Clark and Roger, 1995) and T. vaginalis (Chapter 3, Bui et al., 1996,

Horner et al., 1996, Germot et al., 1996), the endosymbiotic scenario for the origin
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of the Fe-SODs of these organisms is not excluded by their amitochondrial
nature. However, the explanation for the amitochondrial nature of diplomonads
such as G. lamblia is still controversial. Immunological data suggest that this
organism may contain a chaperonin 60 gene (Soltys & Gupta, 1994), but no
sequence is yet available. The presence of a typical eukaryotic GAPDH gene in
diplomonads has also been interpreted as evidence that these organisms are
secondarily amitochondrial since it was suggested that this enzyme had a
mitochondrial origin (Martin et al., 1993, Henze et al., 1995, Rozario et al., 1996,
Roger et al., 1996)). Thus, although the evidence is weak, a mitochondrial origin
for the Giardia Fe-SOD is possible.

In addition to the mitochondrial hypothesis, other scenarios should be
considered. If the eukaryotic Fe-SODs originated polyphyletically as the
phylogeny weakly suggests, then it is worthwhile to speculate how and why this
may have occurred. The fact that the protein is small, soluble and does not
interact with other cellular factors makes the likelihood of multiple independent
lateral transfers relatively high. All that may be necessary is the insertion of the
gene into the genome of the recipient near appropriate promoter sequences to
allow transcription to take place.

It is unclear what the selective pressure would be on the recipient
organism to acquire and maintain this protein. However, in eubacteria there
appears to be a correlation between the possession of an Fe-50D and an
anaerobic lifestyle. This correlation plays out for the eukaryotes: all of the
protists so far found to have these genes also tend to inhabit anaerobic climes.
This correlation in the protists may either be due to selective forces acting
directly on their anaerobic nature or due to the fact that the bacteria in their
environment that donate the genes tend to be anaerobic and thus tend to possess

Fe-SOD genes. Why exactly a correlation between anaerobiosis and the presence
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of Fe-SOD should exist in the first place is unclear. Several studies of the
enzymes in Bacteroides, Streptococcus and Propionibacterium indicate that either Fe-
or Mn- can be used as the cofactor ion (summarized in Beyer et al., 1991). The use
of the particular ion, in these cases, appears to depend on its availability in the
culture medium. These observations suggest that perhaps the selective forces
responsible for the origin and maintenance of the various SODs may have to do
with the availability of their cofactor ions in their environment. If a protist
inhabits an anaerobic environment, then there may not be any available
manganese ions, rendering its Mn-SOD inactive (unless it shares with the few
organisms described above a SOD that can accomodate more than one kind of
metal ion). The damaging presence of superoxide radicals in these organisms
would thus create a substantial selective force for the acquisition of a SOD
protein that was active in this environment. Clearly, iron ions are available in
anaerobic environments and the acquisition of an Fe-SOD gene from a
eubacterium would solve the problem. For these reasons, the possession of an
Fe-SOD, in addition to a Mn-SOD, would also be advantageous for organisms
that alternate between aerobic and anerobic habitats.

Further studies of the Fe-SOD gene in other protists may help clarify its
phylogenetic distribution amongst eukaryotic groups. Additional sequences
may also improve the phylogenetic estimates obtained from this dataset since
improved species sampling often helps to identify homoplasies in the dataset
(Lecointre et al., 1993). Once our understanding of the function and phylogeny of
Fe-SODs improves, we may be able to speculate more intelligently about the

selective forces that drove its acquisition and maintenance in the protists.
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