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1. INTRODUCTION

My excrement being so thin, | was at divers times persuaded to examine it; and each time
| kept in mind what food | had eaten, and what drink | had drunk, and what | found
afterwards. | have sometimes seen animalcules a-moving prettily...

A van Leeuwenhoek 1681.






1.1 A historical perspective to protist taxonomy

Animals and fungi, along with plants, are two groups of multicellular eukaryotes
extensively studied since the origin of our species. This is not surprising since we depend
on them to survive; they provide us with food, clothes, transport, rituals, medicines, etc. It
is not difficult, then, to assume that our dependency on these living things lead us to an
intrinsic fascination to understand such organisms and their origins. Although | do not
pretend to exhaustively review history, the following paragraphs provide the context,

fundaments and motivation for the work here presented.

Intrinsic to the human condition is also the need to classify any kind of objects with the
aim to structure and communicate knowledge. Natural organisms have always been
classified into artificial groups based on observable similarities, according to each time’s
cosmogony (Marks 2008). Early human populations needed to discern between edible or
poisonous plants, preys or predators. Later on, ancient writings from Chinese or
Egyptians already provided practical information for medicinal plants (Manktelow 2010),
while Greeks and Romans started more systematic, although somehow arbitrary,
classifications. For example, Aristotle’s Scala naturae, a.k.a. the Great Chain of Being (a
hierarchical classification of organisms from inferior/simple to superior/complex) was
religiously established in Europe during medieval ages (Figure 1 left) until the 18"
century (although some reminiscent thinking is still present nowadays). It was not until
Linné’s Systema Naturae that biological classification (taxonomy or systematics) was
formally proposed. During the 19" century, there were great advances in comparative
anatomy and palaeontology (i.e., the works of Cuvier and Owen). These lead to
revolutionary changes of paradigm from a fixist taxonomy to the transmutation of species
(Lamarck), to the evolution by natural selection as the mechanism for species origin from
common ancestry (Darwin, Wallace). The homology concept, used before for structural or
functional similarity between taxa, changed to include the sense of common ancestry. And
so organisms were not classified anymore into distinct arbitrary criteria, but only with the
purpose to reconstruct their evolutionary history or phylogeny. As new species were
proposed to radiate over time from common ancestors, networks and tree-like diagrams
were popularized (Ragan 2009) to represent such biological changes between extant

living species (Figure 1 right).
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Figure 1. Left: hierarchical classification of nature in Liber de ascensu et decensu intellectus of Ramon Llull
(written 1304, first published 1512), from (Ragan 2009). Right: Monophyletischer Stambaum der Organismen
from Generelle Morphologie der Organismen of Ernst Haeckel (1866).

Thanks to the invention of microscopes (Leeuwenhoek) and the discovery of the cell
(Hooke) in the 17" century, protistology was already identifying several lineages of
unicellular eukaryotes. In parallel to the development of the evolutionary thinking, during
the 18™ and 19" centuries many naturalists used optic microscopes to describe novel
eukaryotes. For example, during that period, Henry James Clark, William Saville Kent and
LS Cienkowski, among many others, described distinct protist species, including some
relevant to this work, such as choanoflagellates, nucleariids or apusomonads (sections
1.2.1, 1.2.5 and 1.3 respectively). Descriptions were limited to cell morphology, feeding
modes and lifestyle. And first correlations between unicellular and multicellular organisms
were established, such between choanoflagellates and sponge choanocytes. Haeckel
(Figure 1 right) included protistan organisms as a distinct branch from animals and
plants, but connected all three at the root, indicating a single protistan kingdom, an idea
that persisted for long.

In the 20" century several major discoveries on superficially distinct research fields (such
as palaeontology, comparative anatomy, electronic microscopy, genetics, molecular
biology, and statistics) lead to the current modern synthesis of evolution (Mayr 1982), and
are the main fundamental topics for this thesis. An important implication of the new
synthesis is that molecular evolution provides huge numbers of homologous characters

that change over time (see Zuckerkandl and Pauling’s work on molecular clocks or



Kimura’s on neutral evolution). These characters can be used in computational phylogeny
to infer evolutionary relationships between species (see for example Willi Hennig’s work
on phylogeny as hypothetical tests or Fitch’s on orthology and paralogy concepts).
Moreover, the development of transmission electron microscopy (TEM) provided a new
powerful technique in protistology (Patterson 1999) that allowed the study of inner cell
morphology, including nuclei, membranes, organelles, vesicles or cilia. These provided
additional characters to classify, and thus, different protists groups were established (see
(Parfrey et al. 2006) for a historical review on protist classifications). However,
morphology-based phylogeny has serious limitations — especially in protistology — from
the amount of comparable characters, to the validity of them as phylogenetic markers.
The major problem is that morphological character states are not always homologs, but

analogous due to reversion or convergent evolution (see section 1.4 for further details).

With the invention/popularization of molecular and sequencing techniques it came a more
systematic approach to phylogeny, using single marker trees and specially the small
ribosomal subunit (SSU rDNA) (Woese and Fox 1977). Molecular phylogenies provide
significant advantages in comparison to morphology-based phylogenies. More characters
(nucleotidic or amino acidic positions) can be easily obtained; and objectively compared in
terms of orthology, between properly aligned sequences. Molecular phylogenies reshaped
protistan classification, as they appeared paraphyletic and distinctly related with
multicellular lineages (Cavalier-Smith 1993; Baldauf et al. 2000) As a result of these and
other studies, several eukaryotic supergroups were established: Opisthokonta,
Amoebozoa, Excavata, Archaeplastida, Rhizaria and Chromalveolata (Simpson and
Roger 2004). But SSU rDNA has no resolution to resolve relationships between
supergroups, so such deep speciation events started to be elucidated with the
development of high-throughput sequencing and phylogenomics in the past 10 years
(Bapteste et al. 2002; Ruiz-Trillo et al. 2004; Burki et al. 2007; Rodriguez-Ezpeleta,

Brinkmann, Burger, et al. 2007) (see section 1.4 for methodological details).






1.2 Who are the opisthokonts?

Opisthokonta is a supergroup of eukaryotes first proposed by Thomas Cavalier-Smith in a
symposium of the British Mycological Society in 1986 (published in the book Evolutionary
Biology of the Fungi Ed. Cambridge University Press, 1987). There, he proposed that
Fungi and Metazoa shared a more recent common ancestor than each one to plants.
Choanoflagellate protists were also included within the Opisthokonta clade (Figure 2),
whose major morphological synapomorphy was the single emerging flagellum that is
located at the posterior end of the cell. This classification proposal was soon confirmed by
SSU rDNA phylogenetic analyses, and later on corroborated by protein-coding gene trees.
Also, some molecular synapomorphies were proposed (Huang et al. 2005; Elias 2008;
Shadwick and Ruiz-Trillo 2012), being a 12 amino acid insertion in the translation
elongation factor 1a (EF-1a) gene (Baldauf and Palmer 1993; Steenkamp et al. 2006) the
best documented so far (see also sections 1.4.1 and 3.1 R1 for more on molecular
synapomorphies).

The list of Opisthokonta protists have been progressively increased during the past couple
of decades (reviewed in Paps and Ruiz-Trillo 2010 and expanded in section 1.2). One of
the new opisthokonta lineage was the Ichthyosporea (Cavalier-Smith 1998) (section
1.2.3) — a.k.a. Mesomycetozoa (Herr et al. 1999) or DRIPs (Ragan et al. 1996) — , which
were confidently placed as sister group to Choanoflagellata (section 1.2.1) and Metazoa
(coining the Holozoa clade) using mitochondrial genes (Lang et al. 2002). These fungi-like
species had been traditionally included within Fungi along with some current stramenopile
groups (oomycetes, hyphochytrids and thraustochytrids), due to morphological and
lifestyle similarities (i.e., cell wall and osmotrophy). Another example is the enigmatic free
living fungi-like Corallochytrium limacisporum, a species originally classified as a
thraustochytrid (Raghu-Kumar 1987), but molecular phylogenies placed it within the
Opisthokonta (Cavalier-Smith and Paula Allsopp 1996). There are also filose amoebae
called Nuclearia (section 1.2.5) (Patterson 1984), which were positioned as sister group
to Fungi (Medina et al. 2003). Interestingly, one of them was at some point placed outside
the group but still within Opisthokonta and renamed as Capsaspora owczarzaki (Hertel et
al. 2002). This amoeba resulted closer to animals using ribosomal and actin gene trees
(Ruiz-Trillo et al. 2004) or multigene analyses (Ruiz-Trillo et al. 2008). Later positioned
with Ministeria vibrans forming a clade named Filasterea (section 1.2.2) (Shalchian-
Tabrizi et al. 2008). Recently, Fonticula alba was positioned as sister to Nuclearia at the
root of the Holomycota=Nucletmyceta clade (Fungi and its related protists) (Liu 2009,
Brown et al. 2009). Last year, the Aphelida (Karpov et al. 2013) and the Rozella
(=Cryptomycota) (James and Berbee 2012) groups were proposed to cluster with

Microsporidia in a clade called Opisthosporidia (section 1.2.6) (Karpov, Mamkaeva,



Aleoshin, et al. 2014) sister to Chytridiomycota (section 1.2.7) and Fungi (Figure 2).

What follows is a more detailed description of the different groups.

Holozoa
— el \etazoa

Choanoflagellata

© Corallochytrium

Holomycota

Nucleariida

Opisthosporidia

—-—— Amoebozoa

Figure 2. Overview of the Opisthokonta clade. Notice the clear division between Holozoa (Lang et al. 2002) and
Holomycota (Liu et al. 2009), as well as different uncertainties as politomies.




1.2.1 Choanomonada

Choanomonada (a.k.a. Choanoflagellata, Choanoflagellida or simply choanoflagellates) is
a monophyletic group of heterotrophic nanoflagellates (3-10 ym in cell size). They were
already described in the mid- 19" century by James Clark and Saville Kent, back then
classified with other unrelated protists as Infusoria. The choanoflagellates are free-living
organisms ubiquitously and abundantly distributed across the whole water column, even
in abyssal plains (Nitsche et al. 2007). They are mainly marine, but also found in fresh-
water and even anoxic brackish habitats (Wylezich et al. 2012). There are approximately
250 species described so far, (Carr et al. 2008), and environmental data show additional
groups (del Campo and Massana 2011; del Campo and Ruiz-Trillo 2013). Traditionally,
Choanoflagellates have been classified using morphological characters (Leadbeater et al.
2009), but recent molecular phylogenetic studies have established clear internal groups
(Carr et al. 2008; Nitsche et al. 2011) (Figure 3). Cell morphology is highly conserved
among the different choanoflagellates and consists of a spherical to ovoid cell with a
single apical flagellum surrounded by a funnel-shaped actin-supported microvilli collar
(Karpov and Leadbeater 1998) (Figure 4). Choanoflagellates are suspension filter feeders
(specialized bacterivores) that use the flagellar beating to create water currents to bring
prey to the outer surface of the collar (Pettitt et al. 2002), and then these particles are
phagocytized using both microvilli and pseudopodia (Dayel and King 2014). To achieve
feeding efficiency, locomotory force must be resisted, and so most choanoflagellates
attach to substrates either directly or by a peduncular stalk during most of the life cycle,
being benthonic and sedentary; but see Stephanoecidae. Other characteristics include a
conserved intracellular organization (i.e., organelle number and disposition) (Karpov and
Leadbeater 1997). Less conserved are the periplastic structures they can posses (such as
the thecae or loricae), although all have glycocalyx surrounding the cell membrane.
Choanoflagellates are currently classified into two monophyletic groups, the Acanthoecida
and the Craspedida (Nitsche et al. 2011).

Acanthoecida is a monophyletic group that comprises choanoflagellates with a particular
siliceous lorica surrounding the cell (Figure 4 D), whose variety of shapes and formation
patterns have been widely used to classify them (Leadbeater 2008). The Acanthoecida
are divided into the Stephanoecidae (tectiformes) and the Acanthoecidae (nudiforms). The
Stephanoecidae comprise half of the described choanoflagellates, with marine and
brackish species — only one fresh-water species described so far (Paul 2012) — which
have the most complex of all periplast structures (Leadbeater et al. 2009). The lorica for
the offspring is prebuild before cell division, then the daughter cell occupies and
completes the lorica immediately, without the typical swimmer dispersion observed in

other groups. The lorica provides rigidity and a volume-to-weight ratio (up to 80 pym) that,



together with a physically neutral flagellar beating propulsive force, allows the cells to live
in pelagic environments, becoming resistant to sink (Leadbeater 2008). Instead, the
Acanthoecidae is represented by less than ten marine or brackish sedentary species,
usually associated with biofilms, surrounded by a lorica with helical costae during the
vegetative stage. After the cell division, the naked daughter cell swims for dispersion and
settles again to recreate the lorica from scratch (hence the name nudiform). This lorica is

simpler than the one from tectiformes and thus cannot be much bigger than the cell size.
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Figure 3. The internal phylogeny of the Choanomonada (Nitsche et al. 2011).

Craspedida was traditionally divided into two groups according to its morphology:
codosigids or salpingoecids. However, molecular data did not corroborate this division
(Carr et al. 2008). Both codosigids and salpingoecids have a vegetative sedentary stage
anchored to the substrate, directly or through a periplastic stalk. Codosigids (such as
Monosiga brevicollis) have no other extracellular structure, and thus when the daughter
cell appears by lateral cell division, it directly swims (using the flagellum) until it settles on
the substrate (see Figure 4 A to C). On the other hand, salpingoecids (e.g., Salpingoeca
rosetta) have a flask-like organic theca that daughter cells must leave for dispersion. Such
described simple life cycles are probably the consequence of insufficient study or due to
observations in culture conditions, as other cell stages have been recently described: e.g.,
dormant cysts (Stoupin et al. 2012) and anisogamous gametes (Levin and King 2013;
Umen and Heitman 2013). The colonial stage is being thoroughly studied in cultures of S.
rosetta (Fairclough et al. 2010; Alegado et al. 2012). Clusters of cells are surrounded by
an extracellular matrix (ECM) and bound by complex intercellular bridges as a
consequence of incomplete cytokinesis (Dayel et al. 2011). Apparently, this cluster of cells

increase feeding efficiency (more hydrodynamic water flow) and let the organism feed in
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the water column (Roper et al. 2013); a probable source of selective pressure to fix this
trait, which probably was already present in the last common ancestor of both
choanoflagellates and animals. Choanoflagellates are very similar both in morphology and
feeding mode to the choanocytes, a specific cell type of sponges. However, their

homology is still contentious (Nielsen 2008; Mah and Leys 2014). The genome of two

Craspedida choanoflagellates have been fully sequenced, specifically those of the single-
cell M. brevicollis (King et al. 2008) and the colonial S. rosetta (Nichols et al. 2012).

Figure 4. Choanomonada morphology and cell cycle. A) Craspedid Salpingoeca rosetta colony. B) S. rosetta
swimmer. A and B are DIC light microscopy pictures, modified from (Dayel et al. 2011). C) S. rosetta life cycle
(Fairclough et al. 2013). D) Scanning electron microscopy image of the Acanthoecid Acanthocorbis unguiculata
lorica (Leadbeater et al. 2008). All scale bars =1 ym.

1.2.2 Filasterea
Filasterea (Shalchian-Tabrizi et al. 2008) is a group with only two known genera:

Capsaspora (Hertel et al. 2002) and Ministeria (Patterson et al. 1993). Both are small (3-5
um) naked filose amoebae, with a pretty similar morphology (rounded with filopodia) but
contentious conservation of lifestyle (see below). Surprisingly, environmental studies have
failed so far to describe a wider diversity for Filasterea (del Campo and Ruiz-Trillo 2013;
personal communication del Campo & Ruiz-Trillo), and only 2 or 3 cultivable strains are
available.

Ministeria amoebae have been reported in coastal marine water samples for which two
species have been described. Ministeria vibrans (Figure 5 A), described as being
suspended by a flagellum-like stalk attached to the substrate (hence the name), has two
cultivable strains (Cavalier-Smith and Chao 2003), although on shows no stalk. The other
species is M. marisola and was described without a stalk either, but no culture was ever

available.
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Capsaspora owczarzaki was described 30 years ago as an amoeba-like “symbiont” from
the fresh-water mollusc Biomphalaria glabrata (Stibbs and Owczarzak 1979; Owczarzak
et al. 1980). The amoebae were obtained from the pericardial explants and mantle swabs
of snails originally sampled in Puerto Rico. As mentioned, the original morphological
description situated Capsaspora among the Nuclearia (section 1.2.5) (Owczarzak et al.
1980), but molecular phylogenies placed it somewhere closer to animals (Zettler et al.
2001; Hertel et al. 2002; Medina et al. 2003) and finally it was clearly shown to be within
the Holozoa (Ruiz-Trillo et al. 2004). The Capsaspora life cycle have been recently
studied in fine detail (Sebé-Pedros et al. 2013) (Figure 5 D). They found that under initial
culture conditions, the filose amoeba crawls attached at the substrate, with active
replication until the end of the exponential growth phase. Then cells start to detach
retracting the branching filopodia and encyst. During this phase, cells suffer no division
and have a genetic expression profile of typical dormant cells. Alternatively, amoebae can
actively aggregate to each other by unknown factors, even secreting an unstructured

extracellular material that seems to prevent direct cell-cell contact.

Figure 5. Morphology of Filasterea. A) Ministeria vibrans. B) Capsaspora owczarzaki filose amoeba. C) C.
owczarzaki aggregative colony. D) C. owczarzaki life cycle. All SEM images have scale bars = 1 ym; courtesy of
Dr. Sebé-Pedros.
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1.2.3 Ichthyosporea

Ichthyosporea (a.k.a. Mesomycetozoea or DRIPs) is a group of ecologically and
morphologically diverse osmotrophic/saprotrophic fungi-like organisms (see reviews by
Mendoza et al. 2002; Glockling et al. 2013). This feeding behaviour differentiates them for
other mentioned holozoans, which are all phagotrophs. Ichthyosporea also have a
morphology and a life cycle similar to non-dikaryotic fungi (see section 1.2.7); they
produce large multinucleate spherical cells (from a dozen to a hundreds of microns),
surrounded by thick cell walls (some chitin-like positive), traditionally called coenocytic
endospores; or in the protistology nomenclature: schizonts (Kocan 2013) (Figure 7 O).
These structures are proposed to produce the offspring by cellularization, which are small
limax-shaped amoebae (i.e., no apparent pseudopodia), flagellates or simply other
spherical cells (less than 10 pm), which can be called merozites, the products of
schizogony. Some other observed cellular forms are hyphae-like (non-septate hyaline
tubules) and plasmodia (Figure 7 H).

Ichthyosporea were first defined as a cluster of four parasites of aquatic animals
(Dermocystidium, Ichthyophonus hoferi, Psorospermium haeckelii and the “rosette agent”
a.k.a. Sphaerothecum destruens) based on SSU rDNA phylogenetic trees (Ragan et al.
1996). These protists were known previously, even Psorospermium was known by
Haeckel — hence the name—, but they were classified among other protists or fungi based
solely on morphological and life cycle features. Ichthyosporea as a taxonomic name was
formally established due to the fact that (back then) the group was only composed of fish
parasites (Cavalier-Smith 1998). When the agent of rhinosporidiosis in mammals and
birds, Rhinosporidium seeberi was included (R. Herr et al. 1999), the name was amended
to Mesomycetozoea (Mendoza et al. 2002) (within Mesomycetozoa: all three non-
metazoan holozoa protist groups; a synonym of Choanozoa (Cavalier-Smith 1993)).
Currently, Ichthyosporea is divided into two clear monophyletic groups of over 40 taxa
(Glockling et al. 2013). The two groups differ in morphology and probably in diversity, but
their main distinctive characteristic is the dispersal cell stage: a flagellum in the
Dermocystida, a naked crawling amoeba in the Ichthyophonida.

So far, all species described come from inside or outside the body of fresh water (like
fishes and amphibians), marine (such fishes and arthropods), or terrestrial animals
(mammals, birds, insects (Lord et al. 2012)). Most of them attach to gut surfaces or
exoskeletons. In most cases, especially among the Ichthyophonida, it is unknown whether
they are strict parasites, commensals or have been found by chance inside the animals.
Recent environmental studies from water and sediment samples have shown cryptic
diversity in Ichthyophonida (similarly to Choanoflagellates), including two unknown

clusters of fresh-water and marine sequences. This suggests that some of these
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sequences may come from free-living organisms, or at least from organisms that have an

external life stage (Marshall and Berbee 2011; del Campo and Ruiz-Trillo 2013).

Rhinosporidium

Amphibiocystidium

Amphibiothecum

Dermocystidium
Dermocystida Sphaerothecum
Ichthyophonida

Pirum
Abeoforma APCT group

FW Caullerya / Tenebrio

Sphaeroforma

Creolimax sphaerical group

FW / LKM51 / Anurofeca

—
FRESHIP group
# —— Ichthyophonus
-

Psorospermium

Amoebidiales

Eccrinales

Figure 6. Internal phylogeny of Ichthyosporea, the current consensus (del Campo and Ruiz-Trillo 2013; Glockling
et al. 2013).

Dermocystida (a.k.a. Rhinosporideacae) is composed by few world wide distributed strict
parasite species of vertebrates, most of them with a described flagellated stage (Figure 7
C). The difficulties of isolation and the lack of monoxenic cultures have prevented so far a
good knowledge on their full life cycles. Moreover, their phylogenetic relationships and
taxonomy are not yet well established because many morphological observations are not
complemented with molecular studies (Feist et al. 2004; Raffel et al. 2008).

In agreement with most SSU rDNA trees, the first branching lineage would be
Sphaerothecum destruens, a.k.a. rosette agent (Figures 7 A to D) (Arkush et al. 2003),
which potentially represent the ancestral Dermocystida bauplan (see section 4.2.1 and
Figure 18). S. destruens is a generalist fish parasite that causes high mortality due to
chronic intracellular infections (Andreou et al. 2012). Multiple isolations and in vitro
cultures in salmonid cells have been achieved and now studies of life cycle and
pathogenicity can be performed (Paley et al. 2012). Although the infection process is not
known, the flagellated stage of this species is achieved in contact with fresh-water, which
has been hypothesised to happen in nature when host fishes return from the sea to
spawn (Figure 7 D). This would represent the transmission stage (Arkush et al. 2003).
TEM ultrastructure has shown small 2 ym cells with dense intracellular content (no central
vacuole), a nucleus with homogeneous content (no apparent nucleoli) and a three-layer
extracellular wall. No amoeba stage have been ever reported (Arkush et al. 2003). The

other Dermocystida species fairly studied is Rhinosporidium seeberi (Figures F and G)
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that can parasite humans. This species vegetative stage is a massive schizont that
produce thousands of unflagellated offspring (Pereira et al. 2005; Vilela and Mendoza
2012). Between S. destruens and Rhinosporidium, it seems to exist a not-so clear range
of species/morphotypes, such Dermocystidium percae (Pekkarinen et al. 2003) or
Amphibiocystidium (Pascolini et al. 2003), which goes from smaller and flagellated to

bigger and unflagellated (Figure 7 E).

Ichthyophonida (a.k.a. Ichthyophonae) is the division of Ichthyosporea with more
described species and phylotypes. The variability of this group in terms of morphology,
cell cycle and host organism is huge. Moreover, the internal phylogeny is not well
resolved, although a few groups are highly supported (Glockling et al. 2013), One group
(here called APCT) contains four recently described species and 16 environmental
sequences, eight of them forming a marine cryptic lineage (MAIP1; (Lohr et al. 2010)).
Abeorforma whisleri and Pirum gemmata (Marshall and Berbee 2011) come from the gut
of diverse marine lophotrocozoan animals, and are easily culturable in axenic conditions
(see section 3.3 R3). Both have typical spherical (Figure 7 H), vacuolated and
multinucleated schizonts with thick cell walls (only A. whisleri has extracellular calyx) that
will maturate (cellularization) and release the offspring. Non-motile amoebae have been
detected in P. gemmata, but usually the offspring is already a small schizont. In the case
of A. whisleri three different kinds of “amoebae” that can asexually produce more
amoebae have been reported (Marshall and Berbee 2011), presenting lobose
pseudopodia, multinucleate hyphae-like and even plasmodial structures (Figure 7 1).
Although few is known from the other species described of this clade (which are Tenebrio
molitor symbiont or TMS (Lord et al. 2012) and Caullerya mesnii (Lohr et al. 2010)), both
found inside arthropod tissues and both with quite different morphologies than P.
gemmata and A. whisleri (schizonts are not sphaerical and they do not have amoeboid

stages) (Figure 7).

The crayfish parasite Psorospermium haeckelii (Vogt and Rug 1995) constitute a clearly
distinct clade in Ichthyophonida, its SSU rDNA branches suggest that this morphotype
(Bangyeekhun 2001) might be derived. They have been described as big (50 to 200 ym)
elongated ovoid schizont forms (Figure 7 J), with a dense extracellular multi-layered
organic shell with many spherical polynucleated cells within (mature stage) that later

release motile amoebae (Henttonen et al. 1997).

The Ichthyophonida/Eccrinales/Amoebidiales clade (Figure 6) is composed by
species with more complex and diverse cell forms than any other Ichthyophonida,
including polarized tubular multinucleate cells resembling to the coenocytic thalli of chytrid

or kickxellomycetes (formerly zygomycetes) fungi (Figures 7 K to O). Indeed, the
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Eccrinales and Amoebidiales, have traditionally been classified within the Trichomycetes
fungi (Lichtwardt et al. 2001). The branching order within this group of ichthyophonids is
not clear, but they seem to be sister group to a cryptic group of fresh-water environmental
sequences (clade FRESHIP 1) (del Campo and Ruiz-Trillo 2013).

Amoebidium (6 described species) and Paramoebidium (13 species) appear as sister
group in SSU rDNA phylogenies. Both are found as ecto- or endocommensals of fresh-
water arthropods. Their most apparent form is as coenocytic unbranched polarized thalli
with holdfast at one end: structures that attach to all kinds of substrates, but naturally to
arthropod guts (Figure 7 K and L). When these multinucleate tubular cells mature they
can produce either smaller multinucleate cigar-shaped cells or amoeboid cells. These
limax-like amoebae crawl away and encyst, and then they progressively grow in size and
number of nuclei forming a new schizont (although timing, size and morphology of
schizonts differ between distinct species). The complete cycle is known thanks to
Whisler's exhaustive work on Amoebidium parasiticum, who studied its ultrastructure
during the 60s.

The Eccrinales, with more than 50 species described (Lichtwardt et al. 2001), are found
inside arthropod guts all around the world, in fresh-water, marine and terrestrial habitats
(Cafaro 2005). Eccrinales show a diverse and complex polarized maturation with no
amoeboid stage described, but septate tips that will release the offspring (Figure 7 M).
Their complexity and specificity for arthropod gut cavities, along with SSU rDNA
phylogenies, lead Cafaro to propose that Eccrinales are specialized Amoebidiales.

Finally, within this large group, there are the Ichthyophonus, strict parasites that cause
disease in fishes distributed worldwide. The morphotype called /. hoferi is the only one
carefully studied (Spanggaard 1995) and with available monoxenic lab cultures. Only the
asexual growth have been observed, which develops as a spherical multinucleate walled
schizont that at low pH transforms into a polarized plasmodial (coenocyte hyphae-like)
shape similar to Eccrinales or Amoebidiales but branched (Figures 7 N and O).
Interestingly, studies on two distinct Ichthyophonus sp. strains differ from previous reports,
such as the fact that no hyphae-like structures but big multinucleate amoeboids were seen
(Kocan et al. 2013). This suggests that additional studies are needed in order to fully
understand their whole life cycle, which seems to be more complex than in any other

ichthyophonid group.

The remaining Ichthyophonida group has been recently proposed as the “spherical”
group (Glockling et al. 2013) that includes two monophyletic clades. One is formed by
fresh-water environmental samples, including the planktonic sequence LKM51 (Hannen et
al. 1999), and Anurofeca richardsi (Baker et al. 1999) which has only been found in anural
(amphibian) larvae. The other group is exclusively marine and has been well studied by

Marshall and Berbee in a series of very informational papers. This group contains
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Creolimax fragrantissima (Marshall et al. 2008), isolated from the gut of a peanut worm
(Figures Q and R). Its life cycle has been well described in culture conditions (Figure 7
S) (Suga and Ruiz-Trillo 2013): it starts as a small walled spherical cell that grows as a
multinucleate schizont, with peripherical nuclei and a big central vacuole until
cellularization occurs. Then the offspring cells fill the whole sphere and are released as
amoebae after breaking or decomposing the cell wall. The lobose limax-shaped amoebae
(~10 x ~5 pm) disperse by crawling; they settle, become round and the cycle closes. The
genus Sphaeroforma (Jostensen et al. 2002) contains four genetically distinct species
(Marshall and Berbee 2013). All show a simple life cycle in which a small walled spherical
cell grows until maturation (cellularization) and releases a new offspring of encapsulated
cells to the environment (Figure 7 P). The morphological variations are common, and
both plasmodial (as in Abeoforma (Marshall and Berbee 2011) and Ichthyophonus) and
amoeboid stages have been reported in Sphaeroforma tapetis (formerly known as
Pseudoperkinsus (Figueras et al. 2000)). A population genetic study in S. tapetis
(Marshall and Berbee 2010) showed prominent haploid cell populations with asexual life
cycle, although presence of recombination was consistent with facultative sexuality.
Moreover, host specificity was excluded once the same haplotypes were found in different
invertebrate species (Marshall and Berbee 2013).

To summarize, Ichthyosporea are extremely plastic organisms. There are more
morphotypes within a species (such as in A. whisleri or S. tapetis) than between some of
them. This means the border between species is difficult to establish and only population
genetic studies will properly distinguish the biodiversity this group. Non host-specificity of
certain lineages, such in Sphaerothecum destruens or Sphaeroforma, and cryptic diversity
shown by environmental studies, suggest that not all lineages might be strict parasites;
some may be casual commensals from nutrient rich environments. This correlates
between phylogenetically early branching lineages and the more derived ones, such as
Rhinosporidium, Amoebidiales and Eccrinales that, in contrast, seem to be strictly host-

dependent.

17



Figure 7. Ichthyosporea biodiversity. Panels from A to G represent distinct Dermocystida species. A) SEM
Sphaerothecum destruens (bar = 2 um). B) S. destruens rosette schizonts (arrow) within liver cells (bar = 5 ym).
C) S. destruens flagellated stage (bar = 1 ym). D) Putative S destruens life cycle. E) Dermocystidium sp. walled
schizont (arrow) (bar = 200 pym). F) Rhinosporidium seeberi shcizont (bar = 100 ym). G) R. seeberi life cycle.
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Figure 7 cont. Ichthyosporea biodiversity. Panels from H to S represent distinct Ichthyophonida species. H)
Abeoforma whisleri schizont (bar = 20 pm). |) Abeoforma whisleri plasmodium (bar = 100 pm). J)
Psorospermium haeckelii (bar = 50 pym). K) Amoebidiales life cycle. L) Amoebidium australiense merozoite,
amoeba and schizont stages. M) Distinct Eccrinales forms of schizont thalli and cystic merozoites. N)
Ichthyophonus hoferi merozoite thallus (x200). O) Ichthyophonus hoferi schizont (bar = 25 pm). P)
Sphaeroforma arctica (bar = 1 um). Q) Creolimax fragrantissima (bar = 1 um). R) C. fragrantissima (bar = 1 ym).
S) C. fragrantissima life cycle. A, C are scanning electron microscopy. B is a Normarski differential interference
microscopy image. E and F are transmission electron microscopy. A and D adapted from (Arkush et al. 2003); B
and C from (Paley et al. 2012); E from (Feist et al. 2004); F and G from (Vilela and Mendoza 2012); H and | from
(Marshall and Berbee 2011); J from (Vogt and Rug 1995); K, L, and M from (Lichtwardt et al. 2001); N from
(Spanggaard 1995); O from (Kocan 2013); P and Q courtesy of Dr. Sebé-Pedrés ; R from (Marshall et al. 2008);
and S from (Suga and Ruiz-Trillo 2013).
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1.2.4 Corallochytrium

Corallochytrium limacisporum is a small (4.5-20 pm) spherical walled free living
saprotroph, first found in an Indian marine coral reef lagoon and classified as a
Thraustochytrid based on its morphology (Raghu-Kumar et al. 1987). lts life cycle starts
with a small uninucleated cell with a thin wall that divides binary, and the offspring keep
attached during some rounds of cell division (up to 32 cells together) (Figure 8).
Amoeboid limax-like cells can be observed crawling on the substrate until settlement,
becoming then spherical and walled. Later on, this organisms was reclassified in its own
group Corallochytrea using SSU rDNA within Opisthokonta, as sister group to
Choanoflagellates (Cavalier-Smith and Paula Allsopp 1996); a topology systematically
recovered using this marker in several publications (for example (Pereira et al. 2005)). In
the famous six-kingdom system of life (Cavalier-Smith 1998), Cavalier-Smith suggested
that Corallochytrium acquired osmotrophic lifestyle and lost its flagellum independently
from fungi or any other Opisthokonta (but see section 3.3 R3). Trees based on few
protein coding genes found Corallochytrium as sister group to Amoebidium parasiticum
(Ichthyophonida) (Steenkamp et al. 2006). The same year, additional strains from the
same Indian coral reef lagoon were isolated and grown in culture (Sumathi et al. 2006).
The authors suspected fungal affinities of Corallochytrium and found the presence of the
key enzyme (AAR) of the AAA lysine pathway, typical of fungi, so they proposed that the
position of Corallochytrium within Holozoa should be revised (although they did not use
the proper taxonomic sampling, see section 3.1 R1 and 4.1). Other phylogenetic studies
using similar markers (some housekeeping genes and ribosomal subunits) noted the
instability of this organism (branching in basically in almost all possible positions within
Holozoa). In one study Corallochytrium was recovered sister to choanoflagellates (Ruiz-
Trillo et al. 2006), then as sister to Amoebidium and Ichthyophonus (Carr et al. 2008), in
another as the first holozoan splitting lineage (Brown et al. 2009), and finally sister to
Filozoa (Paps et al. 2013). Thus, the phylogenetic position of Corallochytrium before

remained highly contentious (section 3.3 R3).

Figure 8. Corallochytrium limacisporum. A) clonal colonies, and B) amoeboid dispersal stages, from (Sumathi et
al. 2006). Scale bar =5 pym.

20



1.2.5 Nucleariids

A group of poorly known free-living naked filose amoebae composes the first splitting
lineage in the Holomycota clade (Figure 2). Known since the 19" century, thanks to their
abundance in fresh-water habitats and their relative big cell size (from 10-25 ym up to 60
pm). Classified within the group Filosea during the 20" century due to their morphology
(spherical amoebae with long radiating filopodia without flagella), lifestyle (free-living
predatory phagotrophs of filamentous cyanobacteria) and ultrastructure (discoidal
mitochondrial cristae). Within nucleariids sensu Cienkowski 1865 (Patterson 1999), filose
amoebae such Pompholyxophrys (Patterson 1985), Pinaciophora (Cavalier-Smith and
Chao 2012), Rabdiophrys, or Vampyrellidium (Bass et al. 2009; Hess et al. 2012) shared
taxonomic group with the Nuclearia genus. Currently, thanks to SSU rDNA molecular
phylogenies, these species are classified among different rhizarian groups (Moreira et al.
2007; Adl et al. 2012), while the members of the genus Nuclearia (Patterson 1984) cluster
within the Opisthokonta (Zettler et al. 2001; Hertel et al. 2002; Medina et al. 2003).
Nuclearia contains 9 well-described species, mostly from European fresh-water or
brackish habitats, but there are morphological reports from Antarctica (Tong et al. 1997).
They share some common morphological traits: spherical or flattened protoplasm with
radiating thin hyaline filopodia, usually with a central prominent nucleus with variable
nucleoli, cytoplasm with no apparent microtubules and presence of a contractile vacuole
(Mikrjukov and Mylnikov 2001). However, each species have some particularities, some
are plurinucleated (such as N. delicatula (Blanc-Brude et al. 1955; Cann 1986)), some
have branching filopodia (Figure 9 D) (like N. moebiusi (Patterson 1983)), have cystic
stages (N. simplex (Mignot and Savoie 1979; Patterson 1984)), while others have some
kind of extracellular matrix (like in N. rubra (Patterson 1984)). For a summary of
morphological characters see (Yoshida et al. 2009).

Only two new Nuclearia species have been lately described: N. pattersoni (Figure 9 C),
isolated from the gills of a fresh-water fish (Dykova et al. 2003), and N. thermophila
(Figure 9 A) isolated from a hot spring in Japan (Yoshida et al. 2009). Also, only few
environmental sequences have been positioned with the group (Zettler et al. 2002;
Couradeau et al. 2011; del Campo and Ruiz-Trillo 2013). Recently, Fonticula alba (Worley
et al. 1979) has been positioned as sister group to Nuclearia (Brown et al. 2009). F. alba
is a small filose amoeba (5-10 ym) (Figure 9 E and F), that feeds from bacteria and forms
aggregative multicellular fruiting bodies using a stalk formed with golgi derived

extracellular matrix (Deasey and Olive 1981).
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Figure 9. Nucleariids morphology. A) Nuclearia thermophila filose amoeba (bar = 25 ym) (Yoshida et al. 2009);
B) Nucleari aff. delicatula feeding from Phormidium sp. (Cyanobacteria); C) Nuclearia pattersonii (Dykova et al.
2003); D) Nuclearia moebiusi (bar = 20 um) (Patterson 1984); E) Fonticula alba trophic amoeba (bar = 10 ym);
and F) F. alba fruiting body (bar = 500 pm); both from (Brown et al. 2009).

22



1.2.6 Opisthosporidia

The Opisthosporidia (Karpov et al. 2014) is a group recently proposed based solely on
ribosomal trees, which comprises Cryptomycota (a.k.a. Rozellida or Rozellomycota)
(James and Berbee 2012), Aphelida (Karpov, Mamkaeva, Aleoshin, et al. 2014) and the
Microsporidia (Vavra and Luke$ 2013). They are all intracellular parasites with a naked
amoeboid vegetative stage, a cystic stage and a specialized apparatus for penetration
into host cell.

Aphelida is represented by at least three cultured species, all parasites of both marine
and fresh-water algae, as well as some environmental sequences (Karpov et al. 2014).
Previously proposed as incertae sedis opisthokonts (Pinevich et al. 1997) or as putative
members of the Ichthyosporea (Adl et al. 2005) due to their cell morphology, the presence
of flat mitochondrial cristae, parasitic lifestyle and partial SSU rDNA sequences. Last year
full ribosomal sequences were obtained and they were positioned as sister group to Fungi
clustering with Rozella and Microsporidia (Karpov et al. 2013; Letcher et al. 2013).
Although similar life cycle, the morphology is quite variant between the different described
species. The life cycle starts as a dispersal naked flagellated or amoeboflagellated stage
that attaches to the host wall where it retracts the flagellum and encyst. The cyst wall
provides the resistance to the enlargement of the posterior vacuole that pushes the
parasitic protoplasm into the host wall through an infection tube. Inside, the parasitic
amoeba phagocytise the host protoplasm using pseudopods and then develops as a
multinucleated plasmodium. Once the host is consumed the plasmodium can encyst using
the host cell wall or cellularize to release the offspring (see Figures 10 D to G).
Cryptomycota (Jones, Richards, et al. 2011) (a.k.a. Rozellida (Lara et al. 2010) or
Rozellomycota (Corsaro et al. 2014)) is a large group that includes many diversified
environmental sequences (Jones, Forn, et al. 2011), among them the clade LKM11, the
first environmental sequences to be proposed as sister group to the filamentous fungi
(Lara et al. 2010). There is only one characterized genus and one culturable species
(Rozella allomycis), whose genome has been recently sequenced (James and Berbee
2012; James et al. 2013). Rozella was traditionally classified as a chytrid fungi but early
SSU rDNA phylogenies already pointed to its further deep position in the fungal tree
(James, Letcher, et al. 2006). Cryptomycota share many similarities with aphelids
(Figures A to C), such as the intracellular amoeba or the dispersal flagellated cell types,
as well as the parasitic life cycle. The main difference is the host range, fungi-like
organisms in the case of Rozella, and its lack of amoeboid dispersal stage (Karpov et al.
2014).

Finally, Microsporidia represents an extremely derived group of intracellular parasites.
They principally parasite animals, for which they seem to have deep strong phylogenetic

association (Smith 2009). They are called “energy parasites” as they use ATP from the
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host like parasitic organelles, and have many simplified characters such as reduced
genome, ribosomes, and endomembrane system. They even lack dictyosomes,
peroxisomes and canonical mitochondria. Such characteristics, along with the special
structure polar tube they all use to penetrate the host cytoplasm, made these organisms
with a uniform life cycle across different lineages a clear monophyletic group, but with no
easy classification among other eukaryotes (Corradi and Keeling 2009). Currently, several
independent phylogenetic studies have established them as sister to the filamentous fungi
(Baldauf et al. 2000; Liu et al. 2006; Capella-Gutiérrez et al. 2012).

The Microsporidia produce intracellular sporonts, the offspring surrounded by a chitinous
cell wall for dispersion, probably homologous to filamentous fungi. Some molecular
synapomorphies between Microsporidia and Fungi have been proposed (Vavra and Luke$
2013), but they now need to be revalidated including molecular data from other
Opisthosporidia groups. Analysis of the genome sequence of Rozella already revealed
that it encodes four chitin synthases from division Il (one homologous to the only one in
Microsporidia) (see section 3.3 R3) and some genes acquired by horizontal gene transfer
(HGT) from the prokaryote Chlamydia, which may be considered shared synapomorphies
with Microsporidia. Also, mitochondrial gene content presents signal for reduction
suggesting a progressive specialization similar to the one in Microsporidia, although the
metabolism is typical of a phagotroph. In any case, the Microsporidia are not particularly

informative to reconstruct Opisthokonta ancestral state, since they are considered

extremely derived species that have retained very few ancestral characteristics.

Figure 10. A to C represent respectively Rozella allomycis flagellated stage (bar = 5 pm), cyst and germ tubule
infecting host (bar = 10 ym) and cysts within host cell wall once consumed (bar = 20 ym) (James and Berbee
2012). D to G represent respectively Amoeboaphelidium protococcarum filose amoeba (bar = 2 ym), Aphelidium
aff. melosirae flagellated stage and infecting stage (bar = 10 ym), Aphelidium sp. flagellated stage (zo) before
attachment to the host (ho) and cysts (cy) (bar = 15 ym) and life cycle (Karpov, Mamkaeva, Aleoshin, et al.
2014; Karpov, Mamkaeva, Benzerara, et al. 2014).



1.2.7 The early branching “fungi”

To understand Opisthokonta protists as a whole it is important to take into account the
flagellated coenocytic filamentous fungi (Figure 11): the chytrid fungi (non-capitalized
name in purpose, as it may be a paraphyletic group, section R2 and R3). Filamentous
fungi are the traditional Fungi kingdom: chytrids, zygomycetes and Dikarya. Nowadays it
seems there are no synapomorphies for them (McLaughlin et al. 2009), since osmotrophy,
chitin cell wall (section 3.3 R3), hypha or the specific lysine biosynthetic pathway
(section 3.1 R1) are all found in other eukaryotic lineages. They all share, however, an
osmotrophic/saprotrophic feeding mode and a chitinous cell wall during all its life cycle
(except for flagellated stages in chytrids and the incertae sedis Olpidium (Sekimoto et al.
2011)). Filamentous fungi are still poorly studied and some lineages are exclusively
represented by environmental samples (Richards et al. 2012; Manohar and Raghukumar
2013). Classification of animal phyla is still under no clear consensus, but in the case of
Fungi the monophyly of certain groups is not even clear (Hibbett et al. 2007; McLaughlin
et al. 2009; Ebersberger et al. 2012). Although most of the fungi diversity remains poorly
understood, it is commonly accepted that the major transition from aquatic to soil or
terrestrial environments took place after chytrids branched off from the rest of fungi.
Recent molecular phylogenies show that the chytrid fungi may be paraphyletic, while
Blastocladiomycetes (Porter et al. 2011) may be sister to zygomycetes (also paraphyletic)
and Dikarya (Tanabe et al. 2005; James, Letcher, et al. 2006; James, Kauff, et al. 2006;
Y. Liu et al. 2009). Both Chytridiomycota (the monophyletic taxonomic name) and
Blastocladiomycota have cell cycles within aquatic habitats involving flagellated dispersal
stages, as well as amoeboid forms with pseudopodia (Hoffman et al. 2008) (Figure 11 A);
but no true hyphae or complex sexual reproduction as in other filamentous fungi, only
anisogamous gametes (Pommerville 1982) (Figure 11 B). Therefore, some authors have
proposed that these two groups should be considered protists (Margulis 1990). In fact,
coenocytic filamentous fungi have many similarities with the Ichthyosporea (section
1.2.3). It might be important, therefore, to study and compare chytrid fungi with
ichthyosporeans (and other fungi-like organisms such as oomycetes or labyrinthulids) to
better understand the transition from phagotrophy to osmotrophy lifestyles (Richards and
Talbot 2013); see section 4.2.3.
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Figure 11. Chytrid morphology. A) Physoderma sp. (Blastocladiomycetes) amoebae (bar = 10 ym) (Hoffman et
al. 2008); B) Allomyces macrogynus (Blastocladiomycetes) gamete mating (x1500) (Pommerville 1982); C)
Neokarlingia chitinophila (JEL510) (Chytridiomycetes) coenocyte with rhizoids (Longcore and Simmons 2012) ;
and D) Dendrochytridium crassum (Chytridiomycetes) “thallus” (Letcher et al. 2014).
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1.3 The putative sister groups to the Opisthokonta:

“Apusozoa” and Breviatea

The evolutionary history of the opisthokonts cannot be fully understood if we do not
consider its extant closest living relatives. Before this PhD project, the sister group of
Opisthokonta was considered to be the Amoebozoa (Smirnov et al. 2011; Gléckner and
Noegel 2012) confirmed by molecular phylogeny (Bapteste et al. 2002). Both
Opisthokonta and Amoebozoa formed the unikont clade (Cavalier-Smith 2002), since the
ancestor was considered to be uniflagellated (while the remaining eukaryotes were
termed “bikonts”). However, a few SSU rDNA and housekeeping gene-based phylogenies
already pointed to the biflagellates Apusozoa as potential close relatives of Amoebozoa
and Opisthokonta or, as sister group to Opisthokonta (Cavalier-Smith and Chao 1995;
Kim et al. 2006) (see further in section 1.4.1). The Apusozoa include gliding bacterivores
such as Apusomonadida (Figure 12 A) (Ekelund and Patterson 1997; Cavalier-Smith
and Chao 2010), Ancyromonadida (Figure 12 B) (Heiss et al. 2010; Glicksman et al.
2013) and Mantamonadida (Glicksman et al. 2010). Although classified together based
on morphology (Cavalier-Smith et al. 2008), Apusomonadida and Ancyromonadida show
paraphyly in most SSU rDNA and housekeeping gene phylogenies (Cavalier-Smith et al.
2008; Cavalier-Smith and Chao 2010; Paps et al. 2013), see section 3.3 R3.

Another group of bacterivorous flagellates already proposed to be somehow related to
Amoebozoa and Opisthokonta are the Breviatea (Figure 12 C) (Cavalier-Smith et al.
2004). These amoeboflagellates are found in hypoxic environments and contain
mitochondria related organelles (MRO) (Stairs et al. 2014). Although originally classified
as Amoebozoa, some phylogenies showed them related to the Apusomonadida (Walker
et al. 2006; Katz et al. 2011). Recent EST based trees show them either as sister to
Amoebozoa (Minge et al. 2009) (but no Apusomondadida included), as sister to
Opisthokonta (Zhao et al. 2012), or close to Apusomonadida (Brown et al. 2013); see
section 3.3 R3.

Due to this new data the sister group of Opisthokonta seem to be biflagellated amoeboid
bacterivores, presenting most of the morphological characters present in distinct
Opisthokonta groups: filopodia, cysts, flagellum, etc, even some molecular characters
such the integrin machinery (Sebé-Pedrés et al. 2010; Brown et al. 2013), see section
4.2.1.
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Figure 12. Biflagellates putatively closely related to Opisthokonts. SEM images. A) Thecamonas trahens
(Apusomonadida) cell with ventral feeding groove (bottom of the Figure) and sleeve surrounding the shorter
anterior flagellum (arrowhead) (Heiss et al. 2013); B) Planomonas mylnikovi (Ancyromonadida) (scale bar = 1
um) (Cavalier-Smith et al. 2008); and C) Pygsuia biforma (Breviatea) gliding form with posterior (pf) and anterior
(af) flagellum and a filopodia (f) (bar = 2.5 ym) (Brown et al. 2013).
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1.4 Inferring deep phylogenies

Phylogenetic methods have significantly advanced in the past couple of decades. Thanks
to the development of more complex phylogenetic methods, and better and cheaper high-
throughput sequencing along with computational resources, we are now in the position to
address the most complex questions in eukaryotic evolution. These questions include the
root of eukaryotes (Derelle and Lang 2012; He et al. 2014), the order between extant
living eukaryotic supergroups (Burki 2014); the position of incertae sedis lineages (Adl et
al. 2012) such Ancyromonadida (Cavalier-Smith et al. 2014), Breviatea (Brown et al.
2013), Collodictyon (Zhao et al. 2013) or Malawimonas (Derelle, Torruella, Elias et al. in
prep); as well as the internal relationships within supergroups. This is the case for the
Opisthokonta tree (Ruiz-Trillo et al. 2008; Shalchian-Tabrizi et al. 2008; Ebersberger et al.
2012), the resolution of which is the main goal of this PhD project.

Although phylogenetics methods have improved a lot, they are not without problems.
Thus, below | describe 1) the most important caveats of inferring complex deep
phylogenetic questions using single gene trees or rare genomic changes (which serves as
introduction to section 3.1 R1); and 2) how phylogenomics works and which are its

drawbacks (introducing sections 3.2 R2 and 3.3 R3).

1.4.1 Caveats in deep phylogenetic analyses: ultrastructure, single

gene markers and rare genomic changes

As mentioned in section 1.1, in late 20" century ultrastructural characters were widely
accepted to be valid markers to classify protistan lineages. Evolutionary protistologists
considered character states such the presence/absence of mitochondria (e.g., the
Archezoa hypothesis from Cavalier-Smith in 1987), the shape of mitochondrial cristae
(tubular/flat), or the pseudopodia (lobose/filose) among other morphological patterns
(Cavalier-Smith 1993; Cavalier-Smith 1998; Patterson 1999) as evolutionary steady. From
these assumptions, groups such Archezoa or Filosea were proposed to refine the
Protoctista/Protozoa clades (Parfrey et al. 2006), but progressively abandoned when
molecular phylogenies proved these character states to be patchy distributed among
protists, and much more variable than previously thought. As a clear example, most
opisthokonts show flat mitochondrial cristae, but some of them present tubular shapes: /.
hoferi (Spanggaard 1995), Codosiga spp. (Wylezich et al. 2012) or Aphelidium aff.
melosirae (which indeed presents both shapes depending on the stage of the life cycle)
(Karpov, Mamkaeva, Benzerara, et al. 2014). Thus, morphological characters should be
taken with care, analyzed under a wide taxonomic sampling and exhaustively studied

before considering them valid markers.
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Small subunit ribosomal RNA (SSU rDNA) is the broadest used phylogenetic marker since
it is present in all eukaryotic species and contains both conserved and variable regions.
Moreover, its crucial function guarantees no complex evolutionary history (e.g., lateral
gene transfer, domain shuffling, etc.). Indeed, SSU rDNA phylogenies have been very
successful in unravelling phylogenetic relationships. However, this marker alone has not
enough resolution to solve most deep nodes (see a recent example for the Opisthokonta
in (del Campo and Ruiz-Trillo 2013) or others mentioned in section 1.2). In general,
studies show conflicting topologies with low statistical support. This lack of resolution is
represented in a phylogeny by short branches between deep splits, and it is assumed to
be an evidence for rapid speciation between lineages, whose molecular character states
were not especially shaped in each lineage. The main problem for single marker trees is
the relative amount of informative sites (the ones with true phylogenetic signal) compared
to the amount of saturated sites (the ones with phylogenetic information blurred due to

accumulation of multiple changes, which only provide random noise (see Figure 13)).
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Figure 13. Four distinct molecular markers (individual gene or protein alignments) have a few positions and
therefore are prone to stochastic errors, meaning several distinct topologies can be inferred with low supports.

Homoplasic sites are an example of saturated sites. They share the same character state
for distinct taxa not because of ancestry, but because of convergence (e.g., A -> T -> A).
This can create a false “impression” that two unrelated fast evolving species (whose

sequences have evolved at a faster rate than others) are closely related. This what is
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known as the Long Branch Attraction (LBA) artefact (Felsenstein 2004; Bergsten 2005). In
the case of nucleotide-based alignments (such in SSU rDNA), this is a serious issue since
there are only 4 possible character states and, thus, few changes are needed to create a
LBA effect. Protein coding genes, instead, present 20 possible character states (Dayhoff
et al. 1978) and therefore are less prone to such artifactual clusters. However, they
provide fewer sites (each 3 nucleotides is a codon and a single amino acid) and are not
more informative per se. Protein coding genes such as actin, tubulins or heat-shock
proteins among others have been extensively used in phylogenetics, under the premises
that they as well have “simple” evolutionary histories due to their fundamental cell
functions. However, this may not be true for all of them. Horizontal gene transfer events in
a-tubulin have been reported (Simpson et al. 2006); multiple paralogs of B-tubulin can be
found in Opisthokonta protists (Steenkamp et al. 2006); and elongation factor-1a (EF-1a)
has an ancient paralog EF-like with a patchy distribution in eukaryotes (Keeling and
Inagaki 2004; Kamikawa et al. 2013). These are examples of orthology miss-assignment
or paralogy problems, which happen when we compare sites that have not diverged from
speciation, but from other mechanisms such as duplication, recombination, etc. They also
state an important caveat in species phylogeny reconstruction, which is the fact that single
genes can have distinct evolutionary histories than the species tree (also see section 3.2
R2).

Other ways to infer evolutionary relationships between distant lineages are the rare
genomic changes. Qualitative molecular data (treated as binary data, in terms of
presence/absence, similarly as for morphological characters) like mitochondrial gene
order (Boore 2006), indels (Baldauf and Palmer 1993), gene fusions (Stechmann and
Cavalier-Smith 2002; Richards and Cavalier-Smith 2005) or the presence/absence of
certain molecules like key enzymes for metabolic pathways (Sumathi et al. 2006) or
microRNAs (Philippe, Brinkmann, Copley, et al. 2011), are often assumed so infrequent to
happen twice independently, that if two groups share them, they must be closer than
others that do not present such character state. With the increase of
genomic/transcriptomic data for more and more taxa, most of these putative molecular
synapomorphies have been proven wrong or remain contentious (Leonard and Richards
2012; Shadwick and Ruiz-Trillo 2012; Thomson et al. 2014). As an example, the division
of eukaryotes between biflagellate species (bikonts, e.g., Archaeplastida, Excavata,
Apusomonadida, etc.) and ancestrally uniflagellates (unikonts, e.g., Amoebozoa and
Opisthokonta) was based on the number and structure of the flagellar apparatus, and a
dihydrofolate reductase (DHFR) and thymidylate synthase (TS) gene fusion present in
biflagellated lineages but not in ancestrally uniflagellates (Stechmann and Cavalier-Smith
2002; Stechmann and Cavalier-Smith 2003). Such hypothesis was severely questioned

once biflagellated species, particularly Breviata anathema (Breviatea) and
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Apusomonadida were placed between or within unikonts in single gene molecular
phylogenies (Minge et al. 2009) and (Kim et al. 2006), respectively (Roger and Simpson
2009; Rogozin et al. 2009) (see sections 1.3, 3.2). The problem is that most rare
genomic changes are not studied enough in terms of biological functions, for which they
should be heavily constrained to be valid markers. Moreover, in practice, rare genomic
changes provide cyclic arguments, as they need to be constantly tested by phylogeny and

using the widest possible taxonomic sampling.

1.4.2 A pipeline for phylogenomics

Thanks to the large amount of genomic and transcriptomic data available, the
phylogenomics approach has been received much attention lately. The idea is that
multiple gene markers may help to recover the scarce phylogenetic signal, from the
abundant random noise (Delsuc et al. 2005); see Figure 14. There are several distinct
protocols or bioinformatic pipelines to perform phylogenomic analyses to recapitulate
speciation events. These include concatenation of different markers known as the
“supermatrix approach” (de Queiroz and Gatesy 2007; Roger et al. 2012); the supertree
approach which generates several single marker trees and perform distinct types
integration into a consensus topology (Bininda-Emonds 2004); phylogenetic networks
(Huson et al. 2010); coalescent methods (L. Liu et al. 2009); or even recent alignment-free
methods (Chan and Ragan 2013). The supermatrix methods basically follow the same
steps as single marker phylogenies: multiple sequence alignment (MSA) (Katoh et al.
2002), trimming of spurious regions (Talavera and Castresana 2007; Capella-Gutiérrez et
al. 2009; Criscuolo and Gribaldo 2010) and inferring phylogenies through Maximum
Likelihood (Guindon and Gascuel 2003; Stamatakis 2006) or Bayesian methods (Ronquist
and Huelsenbeck 2003; Lartillot and Philippe 2004) with distinct evolutionary models
(Dayhoff, WAG, LG, GTR, etc.). These multiple markers need to be assembled and
analyzed through at least a semi-automatic pipeline with the aim of standardization and
reproducibility (Roure et al. 2007; Grant and Katz 2014; Struck 2014). But the most
complex steps of the pipeline (i.e., to use a proper taxonomic sampling for the particular
evolutionary question, to obtain a proper set of orthologous markers and deal with
systematic errors) are difficult to automatize (Philippe, Brinkmann, Lavrov, et al. 2011)

(Figure 15).
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Figure 14. A concatenated dataset of multiple markers provides huge numbers of sites. This diminishes the
sampling error or stochasticity, by increasing the signal-to-noise ratio. In theory, the increasing number of sites
with directed signal heavily compensates the non-directed random noise. In this case, fewer possible topologies
can be estimated.

1.4.2.1 Taxon sampling

For any phylogenetic analysis, taxon sampling is key. It is important to properly choose
the representatives of the group of interest. Ideally, lineages with similar taxes of
sequence evolution (i.e., similar rates of substitution and therefore branch lengths) should
be used to minimize model violations (see next section). Moreover, a full representation
of distinct lineages can help to break long branches. But for the same reason, it is also
important to generously sample the outgroups (de la Torre-Barcena et al. 2009).
Outgroups should be the closest possible ones, since distant sequences provide higher
levels of saturation and therefore LBA. In brief, one should always use the broadest
taxonomic sampling possible, within the computational limits.

Another issue is the “matrix asymmetry” (Philippe et al. 2004; Ryberg and Matheny 2011),
a problem when using several markers that are filled in by a portion of the taxonomic
sampling (e.g., Sanger ESTs or poorly sequenced taxa). Some authors have proposed
that asymmetrical matrices in simulated datasets can mislead topology reconstruction and
exacerbate model violations (Hartmann and Vision 2008; Lemmon et al. 2009). Most real
dataset analyses have shown, however, that the relative amount of missing data is not the
most important factor in determining whether a correct phylogeny can be computed.
Instead, the absolute amount of available informative data within an alignment is more
important. In these cases, it is more beneficial to add a smaller number of characters for
more taxa than a larger (e.g., more markers) for fewer taxa, as certain amount of missing
data can be tolerated (Wiens 2006; Sanderson et al. 2010; Hinchliff and Roalson 2013;
Roure et al. 2013).

1.4.2.2 Orthologous dataset

The next step in designing a phylogenomic study is the dataset itself. To infer species

phylogeny from multiple protein markers is fundamental that single sequences are used
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for each taxon, and that the relationship between these sequences is orthologous (i.e.,
descending from a speciation event and not due duplication, HGT, etc. (Gabaldén 2008)).
This is the reason why several automatic orthology assignment methods have been
developed (Sjélander et al. 2011), including the widely used orthoMCL (Chen et al. 2006).
They mainly work by progressively clustering sequences by Blast and statistically
establishing groups, but they are limited in discovering data contamination or hidden
paralogy (Philippe, Brinkmann, Lavrov, et al. 2011). Therefore, manual curation with the

aid of single marker trees is still necessary (see section 3.2 R2).

1.4.2.3 Systematic errors

Despite the massive amount of data in phylogenomic studies and in consequence the
decrease of stochastic error, large-scale genome approaches have revealed significant
incongruence among inference methods and datasets (Jeffroy et al. 2006). This is
because the reliability of the tree is measured by standard statistical indices such as non-
parametric bootstrap analysis (Felsenstein 1985) or Bayesian posterior probabilities
(Rannala and Yang 1996). These statistical indices only assess sampling effects and
provide an indication of tree reliability that is conditional on the data and the method.
Thus, if the method does not correctly handle properties of the data, an incorrect tree can
receive strong statistical support (Philippe et al. 2005; Salichos and Rokas 2013). Then,
such incongruences between analyses come from systematic errors, which happen when
datasets are not properly modeled by evolutionary models (Delsuc et al. 2005). For
example, that sequences evolve under homogenous and stationary conditions (at the
same constant rate and with base compositions similar to that of the ancestral sequence,
respectively; see next paragraph). When these assumptions are violated, methods tend to
converge towards a highly supported incorrect tree, artifactual non-phylogenetic signal is
generated and it competes with the genuine phylogenetic signal. Usually, the more
structured phylogenetic signal that leads to the same topology will be preferentially arise
in contrast to the noise that normally leads to different topologies. However, when the
phylogenetic signal is weak, such as for ancient phylogenetic relationships, the inference
can be misled. Indeed, different sources of systematic error have been detected and
analyzed, and some practices have been proposed to deal with them (Phillips et al. 2004;
Delsuc et al. 2005; Philippe et al. 2005; Jeffroy et al. 2006; Rodriguez-Ezpeleta,

Brinkmann, Roure, et al. 2007).

As mentioned above, most of these sources of errors come from the variability or
heterogeneity in the rates of evolution, as models assume homogeneity, meaning that the
pattern of substitutions is the same in all parts of the tree (between species, sites or time).

However, it is known that the same molecule can change at different rates in different
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lineages. Moreover, distinct regions within the molecules change faster or slower
(functional domains are more constrained than interdomain regions, for example). This is
currently addressed in all phylogenetic studies correcting for a gamma distribution (Yang
1993). Finally, the rates of evolution among sites are not constant through time. This is
called heterotachy (Lopez et al. 2002) and it can be addressed using covarion (Wang et
al. 2009; Zhou et al. 2010) and mixture models (Lartillot and Philippe 2004), although at a
high computational cost. In practice, such model violations on rate heterogeneity mislead
topology inference, but can also produce LBA. The other factors that clearly cause LBA is
the already explained substitutional saturation and the compositional bias or
compositional heterogeneity. In this case, distinct species with similar amino acidic
frequencies can be clustered together (Foster 2004; Criscuolo and Gribaldo 2010;
Nesnidal et al. 2010).

A part from the mentioned corrections to model violation, filtering the data is also a good
strategy. Data can be filtered for taxa, genes or sites that are prone to highly violate model
assumptions. For example, taxa with long branches can be removed from individual
alignments without compromising matrix symmetry, or whole markers can be removed if
their single-gene phylogenies show complex patterns of branch length for many taxa. One
of the most used strategies is to remove the so-called fast evolving sites (Ruiz-Trillo 1999;
Rodriguez-Ezpeleta, Brinkmann, Burger, et al. 2007; Minge et al. 2009). Basically sites
are classified under arbitrary categories under the gamma distribution (Yang 1993) (or
similar distributions (Susko et al. 2003)) and then removed from the dataset. The
remaining sites are in theory less prone to violate models. Another way to minimize
sources of systematic error such compositional bias are the recoding strategies, where
amino acids are grouped into distinct classes (Phillips et al. 2004; Rodriguez-Ezpeleta,
Brinkmann, Roure, et al. 2007; Susko and Roger 2007; Ruiz-Trillo et al. 2008), but this

can diminish phylogenetic signal as well.
In summary, overcoming systematic errors in phylogenomics is a demanding task;

multiple parallel analyses must be performed to contrast incongruences, and discern

between true phylogenetic signal and artifacts.
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2. OBJECTIVES

From these remarks it will be seen that | look at the term species, as one arbitrarily given
for the sake of convenience to a set of individuals closely resembling each other, and that
it does not essentially differ from the term variety, which is given to less distinct and more
fluctuating forms. The term variety, again, in comparison with mere individual differences,

is also applied arbitrarily, and for mere convenience sake.

[...] | was much struck how entirely vague and arbitrary is the distinction between species

and varieties.
Darwin 1859
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The UNICORN project (Ruiz-Trillo 2007) consisting on sequencing the genomes of key
taxa for the study of multicellularity in both animals and fungi, provided the framework to

establish the following objectives:
1. To reconstruct phylogenetic relationships of different Opisthokonta taxa based on
the whole-genome data from the UNICORN project, in order to provide a

backbone to study the transition to multicellularity in both fungi and metazoans.

2. To increase the taxonomic sampling available for the Opisthokonta, especially

within the Holozoa protists, by obtaining RNAseq data from additional lineages.

3. To re-evaluate phylogenetic relationships among all known Opisthokonta lineages

with the wider possible taxonomic sampling.

4. To infer putative evolutionary transitions between lineages reconstructing

ancestral states.
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3. RESULTS

The view of evolution as chronic bloody competition [...] dissolves before a new view of

continual cooperation. [...] Life did not take over the globe by combat, but by networking.

Marvellous microbes. Lynn Margulis & Dorion Sagan 2001.

In the animal world we have seen that the vast majority of species live in societies, and
that they find in association the best arms for the struggle for life: understood, of course,
in its wide Darwinian sense — not as a struggle for the sheer means of existence, but as a
struggle against all natural conditions unfavourable to the species. The animal species, in
which individual struggle has been reduced to its narrowest limits, and the practice of
mutual aid has attained the greatest development, are invariably the most numerous, the
most prosperous, and the most open to further progress. The mutual protection, which is
obtained in this case, the possibility of attaining old age and of accumulating experience,
the higher intellectual development, and the further growth of sociable habits, secure the
maintenance of the species, its extension, and its further progressive evolution. The

unsociable species, on the contrary, are doomed to decay.

Mutual aid, a factor of evolution. Pyotr Kropotkin 1902
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Resum article R1: L’historia evolutiva de les vies de sintesi de la lisina als eucariotes.

La sintesi de la lisina segueix dues vies: la via del diaminopimelat (DAP) i la de l'alfa-
aminodipat (AAA). La primera és present en eubacteris, plantes i algues, mentre que la
segona via s’entenia quasi exclusiva de fongs. La troballa recent del gen aminoadipat
reductasa (AAR), un dels gens principals de la via AAA, al protista mari Corallochytrium
limacisporum fou per tant entesa com una sinapomorfia molecular entre ambdés, fongs i
C. limacisporum. Per testar aquesta hipotesi, es va realitzar una cerca més amplia del
gen AAR en eucariotes, i també es va analitzar la distribucié del gen LysA, el gen
principal de la via DAP. Demostrem que la historia evolutiva dels dos gens, AAR i LysA,
és molt més complexa del que es creia anteriorment. Més encara, el gen AAR és present
en diversos opistoconts unicel-lulars, per tant refutem la teoria que la seva preséncia a C.
limacisporum sigui indicatiu d’'una sinapomorfia molecular entre C. limacisporum i fongs.
El gen AAR sembla ser exclusiu d'excavats i uniconts, mentre que el gen LysA esta
present en diversos taxons no directament emparentats dins de cadascun dels principals
llinatges eucariotes, el que indica un paper per a diversos esdeveniments de
transferéncia lateral de gens. Les nostres dades impliguen que el coanoflagel-lat
Monosiga Brevicollis i el “coanozou” Capsaspora owczarzaki adquiriren les copies de
LysA d'un ancestre proteobacteria. En conjunt, aquestes observacions representen una
nova evidencia del paper que juga la transferéncia horitzontal de gens (sobretot en vies

metaboliques) en la historia evolutiva dels eucariotes.
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Abstract Lysine biosynthesis occurs in two ways: the
diaminopimelate (DAP) pathway and the x-aminoadipate
(AAA) pathway. The former is present in eubacteria,
plants, and algae, whereas the latter was understood to be
almost exclusive to fungi. The recent finding of the o-
aminoadipate reductase (AAR) gene, one of the core genes
of the AAA pathway, in the marine protist Corallochytrium
limacisporum was, therefore, believed to be a molecular
synapomorphy of fungi and C. limacisporum. To test this
hypothesis, we undertook a broader search for the AAR
gene in eukaryotes, and also analyzed the distribution of
the /ysA gene, a core gene of the DAP pathway. We show
that the evolutionary history of both genes, AAR and lysA,
is much more complex than previously believed. Further-
more, the AAR gene is present in several unicellular opi-
sthokonts, thus rebutting the theory that its presence is a
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molecular synapomorphy between C. limacisporum and
fungi. AAR gene seems to be exclusive of Excavata and
Unikonts, whereas the lysA gene is present in several
unrelated taxa within all major eukaryotic lineages, indi-
cating a role for several lateral gene transfer (LGT) events.
Our data imply that the choanoflagellate Monosiga brevi-
collis and the “choanozoan” Capsaspora owczarzaki
acquired their /ysA copies from a proteobacterial ancestor.
Overall, these observations represent new evidence that the
role of LGT in the evolutionary history of eukaryotes may
have been more significant than previously thought.

Keywords Lysine biosynthesis - Molecular evolution -
Corallochytrium - Opisthokonts - AAR gene - lysA gene -
Lateral gene transfer

Introduction

Lysine is one of the ten essential amino acids which
humans and animals need to acquire through their diet
(Hutton et al. 2007). It is also the only known amino acid to
have different biosynthetic pathways (Velasco et al. 2002;
Xu et al. 2006) (Fig. 1). One way to synthesize lysine is via
the diaminopimelate (DAP) pathway, which is understood
to be present in bacteria, plants, and algae (Velasco et al.
2002; Hudson et al. 2005). The other is via the a-amino-
adipate (AAA) pathway, present in fungi and Euglena
(Miyazaki et al. 2004).

The AAA pathway was thought to be present only in
fungi (and the excavate Euglena) (Vogel 1965; Xu et al.
2006), and was therefore proposed as a target for selective
antifungal agents in order to control pathogenic yeasts and
molds (Garrad and Bhattacharjee 1992; Xu et al. 2006).
Although the AAA pathway was later also reported in
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Fig. 1 A schematic representation of the AAA and DAP lysine biosynthesis pathways. Adapted from (Velasco et al. 2002). The two genes

analyzed, AAR and lysA, are depicted

Archaea, such as Thermoproteus, Sulfolobus, and Pyro-
coccus (Velasco et al. 2002), as well as in the bacterium
Thermus thermophilus, the pathway is not the same as the
one in fungi (Xu et al. 2006). More recently, the o-ami-
noadipate reductase (AAR) gene, one of the core genes of
the AAA pathway (see Fig. 1) was identified in the marine
protist Corallochytrium limacisporum (Sumathi et al.
2006). C. limacisporum is a poorly understood unicellular
opisthokont whose specific phylogenetic position within
the “choanozoans” (i.e., unicellular opisthokonts closely
related to Metazoa) remains unclear. Molecular phyloge-
nies had shown C. limacisporum to be either the sister-
group to Metazoa and fungi (Cavalier-Smith 2002), closely
related to choanoflagellates (Mendoza et al. 2002; Cava-
lier-Smith and Chao 2003; Ruiz-Trillo et al. 2006), or as
the sister-group to the ichthyosporean Amoebidium para-
siticum (Steenkamp et al. 2006). Sumathi et al. (2006)
proposed that the presence of the AAR gene in both C.
limacisporum and fungi constituted a molecular synapo-
morphy and C. limacisporum was therefore more closely
related to fungi than to Metazoa. However, the taxonomic
sampling was rather low, and no data were presented
regarding the presence of this gene in other unicellular
opisthokonts.

Knowledge is also limited regarding the other lysine
biosynthesis pathway, the DAP pathway (Velasco et al.

2002; Hudson et al. 2005). Although this pathway has been
described in both bacteria and plants, it is not known
whether it is present in other eukaryotic lineages. Once
again, previous surveys of genes involved in the DAP
pathway included a rather narrow taxon sampling of
eukaryotes.

To test whether the AAR gene is a molecular synapo-
morphy of fungi and C. limacisporum, we performed a
broader search for this gene in eukaryotes. In order to
better understand the evolution of the DAP lysine bio-
synthesis pathway in eukaryotes, we also undertook a
broader search for the lysA gene (see Fig. 1), a repre-
sentative gene of the DAP pathway, in eukaryotes. Our
data show that the evolutionary history of the AAR gene is
actually much more intricate than previously thought.
Furthermore, the presence of this gene is not a synapo-
morphy of fungi and C. limacisporum, and in fact it
appears to be present in several other “choanozoans”.
Additionally, our search for the presence of IlysA in
eukaryotes shows that both Monosiga brevicollis and
Capsaspora owczarzaki possess the IysA gene of the DAP
pathway. Interestingly, our phylogenetic analysis suggests
that the lysA gene of M. brevicollis, C. owczarzaki and
Naegleria gruberi may have indeed been acquired from
eubacteria through an interdomain lateral gene transfer
(LGT) event.
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Results
o-Aminoadipate Reductase (AAR) Gene

Screening of the AAR gene among eukaryotes showed that
this gene is present in several other eukaryotes besides (the
already reported) Fungi, C. limacisporum and Euglena.
These include the excavate Naegleria gruberi, the
amoebozoan Acanthamoeba castellanii, the ichthyosporean
Sphaeroforma arctica, the choanoflagellate M. brevicollis,
and the unicellular opisthokonts Ministeria vibrans and C.
owczarzaki (see Figs. 2, 4; Table S1). However, the AAR
gene seems to be absent from most other eukaryotes, being
exclusive of Excavata and Unikonts. Phylogenetic analysis
of the AAR gene showed all fungi grouping together and
the “choanozoans” forming a well-resolved (more than
75% ML bootstrap support) clade (Fig. 2). C. limacispo-
rum appears as the sister-group to the choanoflagellate M.
brevicollis, although not strongly supported (91% bootstrap

Fig. 2 Phylogeny of AAR gene
sequences. The topology and
branch lengths were obtained by
maximum likelihood analysis
performed in raxml. The tree is
rooted by the excavates.
Statistical support obtained by
100-bootstrap raxml replicates
and 100-bootstrap phyml
replicates is shown in relevant
nodes

75/78

94/90

support in raxml). The Monosiga + Corallochytrium clade
is the sister-group of a clade formed by M. vibrans and C.
owczarzaki. Finally, the ichthyosporean S. arctica appears
as the first branch of the “choanozoan clade”.

To gain further insights into the evolution of the AAA
pathway in opisthokonts, we searched for the best-charac-
terized genes from the AAA pathway in complete genome
sequences from a broad sampling of eukaryotes. These
include the only two choanozoan taxa for which the com-
plete genome sequence is available to date (the choano-
flagellate M. brevicollis (King et al. 2008), and C.
owczarzaki whose genome project is under way (Ruiz-
Trillo et al. 2007), as well as in deep-branching Metazoa
for which there is a complete genome sequence, namely the
poriferan Amphimedon queenslandica (Fahey et al. 2008),
the cnidarian Nematostella vectensis (Putnam et al. 2007)
and the placozoan Trichoplax adhaerens (Srivastava et al.
2008). M. brevicollis and C. owczarzaki seem to possess
just a couple of representatives from all genes involved in
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the AAR lysine biosynthesis pathway, in contrast to Fungi,
A. castellanii or N. gruberi which have a more complete
repertoire (see Table S2).

lysA Gene

Screening of the lysA gene from the DAP pathway in
eukaryotes and in some prokaryotic lineages, showed that it
is present not only in bacteria, plants, and algae, as pre-
viously reported (Velasco et al. 2002; Hudson et al. 2005),
but also in some other unrelated eukaryotic lineages. In this
regard, we also identified /ysA sequences in the amoebo-
zoan Dictyostelium discoideum, the stramenopile Phy-
tophthora infestans and Phaeodactylum tricornutum, the
excavate N. gruberi, the ciliates Paramecium tetraurelia
and Tetrahymena thermophyla, the alveolate Toxoplasma
gondii, the basal metazoans A. queenslandica, T. adhae-
rens, and N. vectensis, the choanoflagellate M. brevicollis
and the “choanozoan” C. owczarzaki (see Figs. 3, 4;
Tables S1, S2). The phylogenetic analysis of /ysA shows
several well-supported clades, and eukaryotes appear
scattered throughout the tree. Interestingly, the Iys
A sequence from the chromatophore genome derived from
Paulinella chromatophora clusters inside a well-supported
(100% ML bootstrap support) cyanobacterial clade.
Moreover, the choanoflagellate M. brevicollis, the “cho-
anozoan” C. owczarzaki, and the excavate N. gruberi
cluster inside a well-supported (100% ML bootstrap sup-
port) proteobacterial clade. Furthermore, all members of
this clade share a unique 5’ extension in their /ysA gene. As
before, to gain further insights into the evolution of the
DAP pathway we searched for all the well-characterized
genes into the organisms for which the complete genome
sequence is available. None of the taxa posses all the genes
involved in the pathway, rather they have between 3 or 4 of
those genes (see Table S2).

Discussion

Our data show that the evolutionary history of the AAR
gene in eukaryotes is much more complex than previously
thought. The AAR gene is not exclusive to Fungi, Euglena
and C. limacisporum, as previously stated (Sumathi et al.
2006). Instead, the AAR gene is present in other eukaryotes,
such as the excavate amoeba N. gruberi, the amoebozoan
A. castellanii, and the “choanozoans” S. arctica,
M. brevicollis, C. owczarzaki and M. vibrans (Figs. 2, 4).
This contradicts the argument that C. limacisporum and
Fungi may form a clade based on the shared presence of the
AAR gene in both taxa (Sumathi et al. 2006). Our results
agree with previous molecular phylogenies that show that
C. limacisporum is a choanozoan (Ruiz-Trillo et al. 2006;

Steenkamp et al. 2006; Cavalier-Smith and Chao 2003).
What is clear, however, is that only a few eukaryotic lin-
eages have the AAR gene. On the basis of existing
knowledge, and even thought we have not sampled all
bikont lineages (for example we have not searched into all
Plasmodium strains) this gene seems to be present in just
Excavata and the Unikonts, and then only in some of their
lineages. The excavates Euglena, an euglenozoan, and N.
gruberi, a heterolobosean, are indeed closely related and do
share a common ancestor (Simpson et al. 2005); (Hampl
et al. 2009), so it can hypothesized that the AAR gene is
present in the Euglenozoa + Heterolobosea clade. Given
the current data, there are two possible explanations for this
patchy distribution. One is an eukaryote-to-eukaryote LGT
event between an ancestral unikont and the common
ancestor of the Euglenozoa and Heterolobosea, followed by
differential loss in Metazoa, Amoebozoa and some fungi.
However, the distribution of the AAR gene could just as
easily be explained by its presence in the first eukaryotes,
followed by differential loss in most of the lineages.
Alternatively, AAR gene may have been present not in the
first eukaryotes but in the common ancestor of Excavates
and Unikonts and was consequently lost in several lineages
within the excavates and the unikonts. However, this will
mean that excavates and unikonts had a common ancestor,
a theory that would have further implications on the root of
the eukaryotes. Our data alone can not resolve among those
explanations.

The presence of IysA from the DAP pathway in
eukaryotes also shows a very patchy distribution (see
Figs. 3, 4). The lysA gene is present in several distantly
related eukaryotic lineages that in our tree do not appear in a
single clade (Fig. 3). Again, this distribution may be
explained by several LGT events. Although the topology of
the lysA tree (Fig. 3) could be due to inconsistencies in the
phylogenetic inference, there is not actual evidence of this
(for example, extremely long-branches). Furthermore, there
is increasing recognition of the prevalence of LGT in
eukaryotes (see Keeling and Palmer 2008; Andersson 2005,
but see Soria-Carrasco and Castresana 2008 for a cautionary
tale). Even though loss of out-paralogs may as well account
for the topology, we favor the hypothesis that the topology
of the lysA gene tree is due to several LGT events. This is
especially clear in the case of M. brevicollis, N. gruberi, and
C. owczarzaki, where their homologs cluster strongly within
proteobacteria. Moreover, the fact that the lysA of M.
brevicollis does have some introns argues against a con-
tamination artifact from bacterial samples. Indeed, there has
already been a report of an LGT from proteobacteria to M.
brevicollis (Foerstner et al. 2008), which suggest that LGT
from proteobacteria to choanoflagellates may not be so
uncommon. Furthermore, the /ysA homologs of N. gruberi,
M. brevicollis, C. owczarzaki, and proteobacteria share a
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«Fig. 3 Phylogeny of the /ysA gene sequences. The topology and
branch lengths were obtained by maximum likelihood analysis
performed in raxml. The tree is rooted using the midpoint rooting
method. Statistical support obtained by 100-bootstrap raxml replicates
and 100-bootstrap phyml replicates is shown in relevant nodes. Black
circles show nodes with more than 85% raxml and phyml bootstrap
support. Eukaryotic taxa are depicted with a gray background. The
clade that comprises the lysA homologs that share a unique 5’
extension (see text) is represented with a gray rectangular

molecular synapomorphy, which is a 5’ extension of a
round 500 amino acids. This extension is unique to these
organisms, and it is not found in any other taxa. Similarly,
the strongly supported sister-group relationship of

Fig. 4 A schematic
representation of the presence of
both AAR and lysA genes within
the eukaryotes. The tree
topology reflects the result of
several recent phylogenomic
studies (Ruiz-Trillo et al. 2008);
(Shalchian-Tabrizi et al. 2008);
(A Minge et al. 2008); (Burki
et al. 2008); (Hampl et al.
2009). Taxa in bold indicate
those for which the complete, or
almost complete, genome

Opisthokonta

Dictyostelium and Phytophthora may be due to a LGT event
from an unknown donor, especially if it is taken into
account that none of them possess any of the other enzymes
from the DAP pathway in their genome. In fact, amoeb-
ozoans have been shown to have suffered several bacteria-
to-eukaryote LGT events (Watkins and Gray 2006; Watkins
and Gray 2008), and, interestingly, the genomic analysis of
a Phytophthora species has revealed several proteins to be
closely related to Dictyostelium (Tyler et al. 2006). Finally,
the position of the chromatophore sequence of the filose
thecamoeba Paulinella chromatophora among cyanobac-
teria, and especially related to Prochlorococcus/Synecho-
coccus, is what one would expect since the chromotophores
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of Paulinella, most likely come from a recent primary
endosymbiosis from cyanobacteria of the Prochlorococcus
type (Nowack et al. 2008); furthermore the biosynthesis of
lysine seems to be one of the metabolic pathways appar-
ently retained in the plastid of P. chromatophora (Nowack
et al. 2008). This would represent a canonical case of
metabolic acquisition by means of a symbiogenetic event.
There are indeed many well-documented cases of essential
amino acid biosynthesis acquisition through symbiotic
associations, e.g., insects associated with bacteria during
the last 200 million years (Zientz et al. 2004); (Moya et al.
2008).

Both M. brevicollis and C. owczarzaki possess the AAR
gene and the /ysA gene, which are, respectively, key genes
of the AAA and DAP lysine biosynthesis pathways. This
may suggest that choanozoans are able to synthesize lysine,
from at least one of the pathways. However, the presence
of those genes does not guarantee that the organism syn-
thesizes lysine, since those genes may as well be used in
other functional tasks. In this regard, it is worth noting that
the IysA gene has been shown to play a role in the bacterial
cell wall biosynthesis, it being the main precursor of pep-
tidoglycans (Cirillo et al. 1994). However, the role played
by the lysA or AAR gene in choanozoans goes beyond the
scope of this manuscript.

The fact that metazoan relatives such as M. brevicollis
and C. owczarzaki have both the AAR and the lysA genes
seems to indicate that the common ancestor of both cho-
anoflagellates and Metazoa was able to synthesize lysine,
and that biosynthesis of lysine was specifically lost at the
onset of (or within) the metazoan lineage. This was prob-
ably due to the fact that lysine was easily obtained from the
environment. Metabolic pathways for essential amino acid
biosyntheses are those with more enzymatic steps and,
consequently, these amino acids are the most energetically
expensive to synthesize (Berg et al. 2007). The corre-
sponding long pathways are also more expensive to main-
tain in terms of energetic cost. Thus, when an organism
adapts to a chemically rich environment, in which the more
expensive amino acids are freely available, these anabolic
pathways suffer a reductive evolution phenomenon and the
living being becomes absolutely dependent on the supply of
external amino acids. The process of gene loss is well-
documented in symbiosis where some organisms perma-
nently associate with different ones and, as a consequence,
all redundant functions are affected by a syndrome of
genome reduction (Moya et al. 2008). As stated above,
further adaptations in metazoans include many cases of
symbiotic association with bacteria retaining essential
amino acid biosynthetic pathways. As a consequence, this
syntrophic relationship and the re-acquisition of essential
amino acid biosynthesis allow host adaptation to new eco-
logical niches and the upgrading of deficient diets.

@ Springer

Interestingly, basal metazoans (the placozoan 7. adhaerens,
the poriferan A. queenslandica, and the cnidarian N. vect-
ensis) have several of the genes involved in the DAP lysine
pathway, whereas none of them can be found in bilaterians.
This may indicate that the pathway was lost in the transition
from radial to bilaterian metazoans. Further work, including
further sampling from metazoans, needs to be done to elu-
cidate whether this is the case.

Finally, the present study provides an additional exam-
ple of a LGT event involving eukaryotes. Although LGT in
eukaryotes is not as relevant as in prokaryotes (Doolittle
and Bapteste 2007; Bapteste and Boucher 2008; McInerney
et al. 2008), it may nevertheless have played an important
role in shaping the biochemical pathways of some
eukaryotic lineages (see Keeling and Palmer 2008; An-
dersson 2005). Furthermore, our analysis demonstrates that
assumptions made on the basis of relatively low taxon
sampling (such as that of Sumathi et al. (2006) for the AAR
gene), need to be re-evaluated when a broader taxon
sampling becomes available. Similarly, our conclusions
will certainly need to be tested again when the genome
sequence data of different eukaryotic lineages becomes
available.

Material and Methods
Database Searching

Both AAR and lysA sequences were obtained by performing
blast searches (blastp and tblastn) against the Protein,
Genome, and EST databases with the default parameters
and an e-value threshold of e-05 at the NCBI (National
Center for Biotechnologylnformation), TbestDB (http://
amoebidia.bcm.umontreal.ca/pepdb/searches/welcome.php),
and on-going genome projects at the JGI (Joint Genome
Institute). The amino acid sequence of AAR from Candida
albicans and the sequences of lysA from Bacillus subtilis
were used as query. At a later stage, and to further check
for out-paralogs, the sequence of the lysA from Xantho-
monas sp. (which in our tree appears as far-related from
that of Bacillus subtilis) was used as query to search into
eukaryotic protein and genome databases. When searching
against prokaryotic protein database, we did not incorpo-
rate all sequences, but specifically searched into some
specific taxonomic groups to have at least some represen-
tatives. The taxonomic groups that we used in the NCBI
organism search set were the following: Crenarchaeota,
Euryarchaeota, Bacilli, Clostridia, Actinobacteria, Cyano-
bacteria, Chlorobi, Aquificae, Spirochaetes, Proteobacteria,
and Chlamydae.

The sequences retrieved were then blasted against NCBI
CDD (Conserved Domain Database). Only those that
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retrieved an AAR or lysA homolog as a best hit in the
reverse blast against NCBI were considered positives.
Moreover, the affinity of the putative positives was further
checked by gradually incorporating the sequences into a
basic alignment of fungi AAR sequences and eubacteria
lysA homologs. Only those sequences that could unam-
biguously be aligned were used in the phylogenetic anal-
ysis. The homolog of AAR from the unicellular opisthokont
Ministeria vibrans was obtained by blasting against the
Ministeria database of Dr. Kamran Shalchian-Tabrizi
(University of Oslo).

Additionally we performed a search of all genes
involved in both the AAA and DAP pathways that are well-
characterized. Search was done using HMMER3.0a2 (Eddy
1998) and with PFAM profiles or profiles made from CDD
alignments, against six-frame translations of several com-
plete genome sequences of main representatives from a
broad sampling of eukaryotic lineages (see Table S2 for a
complete list and results). When genes were multi-domain,
HMMER was performed in the most significant protein
domain. E-value threshold of HMMER was e-08. All hits
were then reverse-blasted against SWISSPROT, and only if
the Blast search gave back the gene of interest (at a
threshold value of e-08), the HMMER hits were considered
positives. Results from [ysA and AAR were carefully
checked for false positives or negatives, going back to our
blast results and by manually checking the sequences by
incorporating them into the alignment.

Phylogenetic Analyses

Alignments of AAR and lysA genes were constructed using
the Muscle (Edgar 2004) plug-in of the Geneious software
(Biomatters Ltd, Auckland, New Zealand), before being
manually inspected and edited. Only those positions that
were unambiguously aligned were included in the final
analyses, resulting in a total of 428 and 237 amino acid
positions, respectively. The final protein alignments can be
downloaded from the webpage http://www.multicellgen
ome.com.

Maximum likelihood phylogenetic trees were estimated
by Raxml (Stamatakis 2006; Stamatakis et al. 2005) using
a PROTCATWAG model of evolution and with a gamma
distribution (8 categories) (WAG + I'). We performed 50
inferences starting from distinct randomized maximum
parsimony trees and adopted the one with the best likeli-
hood value. Statistical support was obtained from 100-
bootstrap replicates using the phyml program (Guindon and
Gascuel 2003) following a WAG + I'+ I model of evo-
lution with 4 rate categories, and from 100-bootstrap rep-
licates in raxml, using the PROTCATWAG model of
evolution and with a gamma distribution (4 categories).
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Results R2

Phylogenetic relationships within the Opisthokonta based on phylogenomic

analyses of conserved single copy protein domains.
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Resum article R2: Les relacions filogenétiques dins els opistoconts basades en analisis

filogendmiques de dominis proteics conservats de copia Unica.

Moltes de les analisis filogenomiques d’eucariotes publicades fins ara es basaven en
alineaments de centenars o milers de gens. Freqientment, en aquest tipus d'analisi,
s'utilitzaven els models evolutius més realistes per reduir l'impacte d'errors sistematics.
No obstant aix0, encara hi ha una controvérsia notable sobre si les idiosincrasies en la
dinamica de les families géniques (és a dir, duplicacions de gens i pérdues) i les
assignacions d’ortologia erronies sempre es tenen en compte correctament. En aquest
treball, presentem una estratégia innovadora per superar els problemes d'assignacio
d’ortologia. En lloc d'identificar i eliminar gens amb problemes de paralogia, hem construit
un conjunt de dades comprés Unicament per dominis proteics conservats de copia Unica
que, a diferencia de la majoria dels conjunts de dades filogenomiques d'Us comu, han de
ser menys propensos a problemes d’ortologia. Per avaluar la poténcia d'aquest
enfocament, vam realitzar analisis de maxima versemblancga i estadistica bayesiana per
inferir les relacions evolutives dins dels opistoconts (que inclou metazous, fongs i llinatges
unicel-lulars emparentats). Vam utilitzar aquest enfocament per comprovar 1) si Filasterea
i Ichthyosporea formen un clade monofilétic, 2) les interrelacions dels primers llinatges de
metazous i 3) la relacioé entre els primers llinatges de fongs. També vam avaluar l'impacte
d'alguns dels métodes que es coneixen per minimitzar els errors sistematics, incloent la
reducci6 de la distancia entre els grups taxonomics extern i intern, o I'Gs del model
evolutiu CAT. En general, les nostres analisis recolzen la hipotesi dels Filozoa en qué
Ichthyosporea son el primer llinatge sorgit dels holozous seguit dels Filasterea,
Choanoflagellata i Metazoa; i que els Blastocladiomycota apareixen com un llinatge
separat dels Chytridiomycota. Aquests resultats representen proves independents
d'hipotesis filogenetiques plantejades en estudis anteriors, destacant la importancia

d’enfocar sofisticadament I'assignaci6 d’ortologia i els métodes d’analisis filogenomiques.
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Abstract

Many of the eukaryotic phylogenomic analyses published to date were based on alignments of hundreds to thousands of
genes. Frequently, in such analyses, the most realistic evolutionary models currently available are often used to minimize
the impact of systematic error. However, controversy remains over whether or not idiosyncratic gene family dynamics (i.e.,
gene duplications and losses) and incorrect orthology assignments are always appropriately taken into account. In this
paper, we present an innovative strategy for overcoming orthology assignment problems. Rather than identifying and
eliminating genes with paralogy problems, we have constructed a data set comprised exclusively of conserved single-copy
protein domains that, unlike most of the commonly used phylogenomic data sets, should be less confounded by orthology
miss-assignments. To evaluate the power of this approach, we performed maximum likelihood and Bayesian analyses to
infer the evolutionary relationships within the opisthokonts (which includes Metazoa, Fungi, and related unicellular
lineages). We used this approach to test 1) whether Filasterea and Ichthyosporea form a clade, 2) the interrelationships of
early-branching metazoans, and 3) the relationships among early-branching fungi. We also assessed the impact of some
methods that are known to minimize systematic error, including reducing the distance between the outgroup and ingroup
taxa or using the CAT evolutionary model. Overall, our analyses support the Filozoa hypothesis in which Ichthyosporea are
the first holozoan lineage to emerge followed by Filasterea, Choanoflagellata, and Metazoa. Blastocladiomycota appears as
a lineage separate from Chytridiomycota, although this result is not strongly supported. These results represent
independent tests of previous phylogenetic hypotheses, highlighting the importance of sophisticated approaches for
orthology assignment in phylogenomic analyses.

Key words: Capsaspora, Filasterea, Filozoa, Holozoa, Ichthyosporea, multicellularity.

et al. 2002; Medina et al. 2003; Ruiz-Trillo et al. 2004,
2006, 2008; Steenkamp et al. 2006); for a recent review,
see Paps and Ruiz-Trillo (2010). Putative synapomorphies
of Opisthokonta include a ~12 amino acid long insertion
in the elongation factor 1-alpha gene (EF-10) (Baldauf
and Palmer 1993), a single posterior flagellum at least in

Introduction

A resolved phylogenetic tree that describes the relationships
among organisms is the starting point for any research into
the origins of fungi and multicellular animals (metazoans)
from their unicellular ancestors (King 2004; Ruiz-Trillo
et al. 2007; Rokas 2008; Shalchian-Tabrizi et al. 2008). Pre-

vious molecular studies have shown that Metazoa and Fungi
share a common ancestor to the exclusion of plants, algae,
and other eukaryotic lineages (Baldauf and Palmer 1993).
The eukaryotic supergroup that comprises Fungi and Met-
azoa is known as the Opisthokonta (Cavalier-Smith 1987),
and its monophyly has been confirmed by several molecular
phylogenetic studies (Cavalier-Smith and Chao 1995; Lang

one life-cycle stage (Patterson 1999; Cavalier-Smith and
Chao 2003) and a haloarchaeal-type tyrosyl tRNA (Huang
et al. 2005).

Molecular phylogenies have further shown that in un-
rooted trees of eukaryotes, Amoebozoa (Cavalier-Smith
1998; Adl et al. 2005) forms a clade with Opisthokonta
(Minge et al. 2009). If the root falls outside of this clan (a

© The Author 2011. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution. All rights reserved. For permissions, please
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controversial point, see Roger and Simpson 2009), then the
Amoebozoa plus Opisthokonta are a monophyletic group
that has been named Unikonta (Cavalier-Smith 2002). In
our analyses, Amoebozoa are assumed to be the nearest out-
group to the Opisthokonta. The Opisthokonta themselves
are divided into two main lineages: the Holomycota (Liu
et al. 2009), which was also named Nucletmyceta (Brown
et al. 2009), containing Fungi and their unicellular relatives,
such as the nucleariids and Fonticula alba; and the Holozoa
(Lang et al. 2002; Brown et al. 2009), which includes Metazoa
and their unicellular relatives, such as the Choanoflagellata,
Filasterea (Shalchian-Tabrizi et al. 2008), and Ichthyosporea
(Cavalier-Smith 1998; Mendoza et al. 2002). Several key
groupings within the Holozoa and Holomycota remain con-
tentious. Within Holomycota, the position of F. alba and nu-
cleariids as the sister group to Fungi has been shown in
multigene trees (Ruiz-Trillo et al. 2006; Steenkamp et al.
2006; Brown et al. 2009; Liu et al. 2009). However, further
evidence is required to determine if the Blastocladiomycetes
are part of the Chytridiomycota (Aleshin et al. 2007) or in-
stead represent an independent phylum named the Blasto-
cladiomycota (James et al. 2000, 2006; Brown et al. 2009; Liu
et al. 2009).

Multigene and phylogenomic analyses corroborate the
monophyly of Holozoa (Ruiz-Trillo et al. 2004, 2006,
2008; Steenkamp et al. 2006; Shalchian-Tabrizi et al
2008; Brown et al. 2009; Liu et al. 2009). However, both
the phylogenetic position of unicellular holozoans and
the interrelationships among diploblastic metazoan line-
ages are still disputed. Filasterea (comprising Capsaspora
owczarzaki and Ministeria vibrans) is either the sister group
of Ichthyosporea (Ruiz-Trillo et al. 2008) or the sister group
to a clade comprised of Metazoa and Choanoflagellata,
which together form the Filozoa (Shalchian-Tabrizi et al.
2008). The solution to this issue is of major importance,
as genomes of these lineages have been, or are being, se-
quenced (Ruiz-Trillo et al. 2007). Moreover, we still do
not have a robust picture of the evolution and phylogeny
of the earliest branching metazoan clades. Previous phylo-
genetic analyses have produced contradictory trees (Bridge
et al. 1995; Cavalier-Smith and Chao 2003; Ender and
Schierwater 2003; Dellaporta et al. 2006; Ruiz-Trillo et al.
2008; Srivastava et al. 2008; Schierwater et al. 2009; Philippe
et al. 2009, 2011; Pick et al. 2010).

Phylogenomic analyses of the opisthokonts and the eu-
karyotes have mostly employed the supermatrix approach
(for reviews, see Philippe et al. 2005; Jeffroy et al. 2006; de
Queiroz and Gatesy 2007; Lartillot and Philippe 2008;
Jenner and Littlewood 2008). The rationale is that large
concatenated data sets eliminate the stochastic error
caused by random noise (Philippe et al. 2005). However,
different phylogenomic analyses can produce statistically
supported incongruent trees (see, e.g, Ruiz-Trillo et al
2008 vs. Shalchian-Tabrizi et al. 2008). These discrepancies
may be due to differences in (or insufficient) taxon sam-
pling or lack of realism in phylogenetic models that leads
to systematic error. An alternative explanation is that or-
thologous genes may be incorrectly assigned and the use of
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paralogous genes confuses the phylogenetic signal and thus
leads to incorrect trees. Two main approaches have been
used to minimize paralogy problems. Some authors infer
trees for each individual gene to check for possible orthol-
ogy miss-assignments (Philippe et al. 2004, 2009;
Brinkmann et al. 2005; Burki et al. 2007; Ruiz-Trillo et al.
2008; Shalchian-Tabrizi et al. 2008), whereas others have
developed novel methods to improve the selection process
of orthologous genes (Roure et al. 2007; Dunn et al. 2008;
Hejnol et al. 2009). Here, we present a different strategy
that may overcome orthology assignment problems: the
identification and concatenation of conserved single-copy
protein domains.

Proteins comprise distinct modular domains (Doolittle
1995) and often have complex evolutionary histories be-
cause of fusion, fission, shuffling, gain, and loss events
(Caetano-Anolles G and Caetano-Anolles D 2003). Protein
domains, in contrast, are discrete evolutionary units (Yang
and Bourne 2009) that have been proposed to be a more
stable “unit” of orthology than complete proteins
(Gabaldon 2008), whose architecture between taxa may
differ widely (Ponting and Russell 2002). As our principal
goal is to generate a phylogeny that best represents the
evolutionary histories of the taxa under investigation (Yang
et al. 2005), single-copy protein domains (i.e.,, only one copy
of the protein domain is found in each genome) may be
more suitable and stable markers as their histories are less
likely to be confused by recombination, fusion, fission, and
duplication and loss (paralogy) dynamics. However, this ap-
proach needs complete or almost complete genome or
transcriptome sequences from the taxa under examination.

We therefore constructed a phylogenomic data set com-
prising 93 conserved single-copy domains for the widest
taxonomic sampling possible. Published and publicly avail-
able genome and expressed sequence tags (EST) data were
used, as well as newly generated genome data from organ-
isms sequenced by the UNICORN project (Ruiz-Trillo et al.
2007), such as the apusozoan Thecamonas trahens, the fi-
lasterean C. owczarzaki, the ichthyosporean Sphaeroforma
arctica, the choanoflagellate Salpingoeca rosetta, and the
fungi Allomyces macrogynus and Spizellomyces punctatus.
In addition, we included EST data from another ongoing
genome survey project of the filasterean M. vibrans
(Shalchian-Tabrizi et al. 2008). Since this approach needs
complete or almost complete genome sequences, some
key taxa with few sequence data have not been included
(i.e, Nuclearia simplex and F. alba). This new data set
not only minimizes the problem of orthology assignment
but also overlaps by less than 10% with the data used in
other published phylogenomic investigations (Brinkmann
et al. 2005; Burki et al. 2007; Ruiz-Trillo et al. 2008;
Shalchian-Tabrizi et al. 2008; Philippe et al. 2009).
Thus, it is an independent way to test previous phyloge-
netic hypotheses (supplementary tables S1 and S2 in
supplementary file 1, Supplementary Material online).

To evaluate this novel data set, we performed maximum
likelihood (ML) and Bayesian inference (BI) analyses to test
previous hypotheses on 1) the relationship between
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Filasterea and Ichthyosporea, 2) the phylogeny of early-
branching metazoans, and 3) the phylogeny of early-
branching fungi. We also assessed the impact of methods
that are known to minimize phylogenetic systematic error
(Delsuc et al. 2005). Several different data sets were consid-
ered each including the closest possible outgroup for the
specific phylogenetic question under examination to check
whether a closer outgroup affected our results (Philippe
1997; Lartillot and Philippe 2008). Finally, we also assessed
the impact of recoding amino acids into functional cate-
gories (Woese et al. 1991; Rodriguez-Ezpeleta et al. 2007;
Ruiz-Trillo et al. 2008), removing fast-evolving sites
(Aguinaldo et al. 1997; Ruiz-Trillo et al. 1999), and excluding
the taxa with the most missing data (Philippe 1997; Susko
et al. 2005; Gatesy et al. 2007; de la Torre-Barcena et al.
2009).

Materials and Methods

EST and Genomic Data Sources

EST sequences from Amoebidium parasiticum, Oscarella carme-
la, Oscarella lobularis, Blastocladiella emersonii, Acropora
millepora, Acropora palmata, Monosiga ovata, and Clytia hemi-
sphaerica were extracted from the National Center for Biotech-
nology Information (NCBI). Ministeria vibrans ESTs were
obtained in-house. Genome data were extracted from NCBI,
the Joint Genome Institute (JGI) and the Broad Institute, as well
as from the Baylor College of Medicine (BCM) for Acanthamoe-
ba castellanii. Amphimedon queenslandica data were obtained
fromits genome database (www.metazome.net/amphimedon).
Capsaspora owczarzakiand S. punctatus genome assembliesand
annotations are available at the Broad Institute web site (http://
www.broadinstitute.org/annotation/genome/multicellularity_
project/MultiHome.html). In the case of S. arctica, S. rosetta (for-
merly known as Proterospongia sp.), T. trahens (formerly known
as Amastigomonas sp., see Cavalier-Smith and Chao 2010), and
A.macrogynus, the trace data wereassembled in-house using the
WGS assembler (http://sourceforge.net/apps/mediawiki/wgs-
assembler/). The resulting contigs were translated using both
Genomescan (Yeh et al. 2001) and Augustus (Stanke et al.
2006) to obtain independent databases of predicted protein
sequences.

Selection of Single-Copy Protein Domains

For a schematic summary of sections 2 and 3, see figure 1.
Taxonomic sampling started with several species for which
a complete genome was available, including seven opistho-
konts (Mus musculus, Drosophila melanogaster, Nematos-
tella vectensis, Monosiga brevicollis, Batrachochytrium
dendrobatidis, Neurospora crassa, Schizosaccharomyces
pombe) and four other eukaryotes (Dictyostelium discoi-
deum, Ostreococcus lucimarinus, Leishmania infantum,
and Plasmodium yoelii yoelii). These taxa were also chosen
in order to cover the largest possible diversity of eukaryotes
and hence maximize the likelihood that the domains we
selected were also single copy in other species. These 11
taxa were used as a “seed” sample to obtain an accurate
data set of protein domains from PFAM (as available in

best JGI model proteins from whole genome sequences + other seed genomes:
11 taxa: 4 holozoan, 3 fungi & 4 other eukaryotes

5302 domains

| - occurrence filter: 41 point for cach single-copy occurrence

+0 points if absent or > one copy in a genome
domains> 9 points kept (Table S3)

- length filter: domains < 120aa discarded (Table S4)

increase taxon sampling by BLAST against whole genomes (first step):
15 taxa: 6 metazoan + 6 fungi & 3 other eukaryotes

213 mostly single-copy domains

- sequence alignment using MAFFT
- alignment quality filter: sum-of-pair score (Table S4)

increase taxon sampling by BLAST against whole genomes (second step):
58 taxa: 21 metazoan, 19 fungi & 18 other eukaryotes (Table S6)

90 best aligned domains (Table S5)

- N & C terminal extension
- sequence alignment using MAFFT

- single protein domain phylogenies using PhyML for:
- orthology checking

- lincage specific duplications pruning

’ 79 alignments containing 93 single-copy domains (Table S8)

- sequence alignment using MAFFT
- exclusion of unambiguously aligned positions using Gblocks

- concatenation

\ 18106 amino acid positions super matrix

Fic. 1. Schematic pipeline of the supermatrix assembly as a
summary of sections 2 and 3 of the Materials and Methods.

December 2008). The 5302 protein domains that were ini-
tially found were filtered using different methods. First, pro-
tein domains were indexed by the number of occurrences
in the 11 seed taxa. Thus, for every domain, 1 point was
given for each occurrence as a single copy in any of the
11 taxa, but no points were given if the protein domain
was absent or present in more than one copy (see supple-
mentary table S3 in supplementary file 1, Supplementary
Material online). Furthermore, domains that were smaller
than 120 amino acids were filtered using the “Domain
model length” from the official PFAM database. To ensure
that the domains were mostly single-copy within the wid-
est taxonomic distribution, we only took into account do-
mains with nine points or more, so that they were
represented as single-copy in at least 9 of the 11 taxa. This
resulted in a selection of 213 domains (supplementary table
S4 in supplementary file 1, Supplementary Material online).

Once the “single-copy” domains had been chosen, the
taxonomic sampling was enriched by representatives from
the Opisthokonta. The new alignment included six Meta-
z0a, six Fungi, and three other eukaryotes. We used BLAST
to search for the corresponding proteins of the new taxa in
the databases (for further details, see the supplementary
file 1, Supplementary Material online). Each protein do-
main was then aligned using MAFFT (Katoh et al. 2002)
with default parameters. The alignments were ranked using
the “sum-of-pairs score,” a metric that is used to predict
the quality of an alignment (Ahola et al. 2008) (supplemen-
tary table S5 in supplementary file 1, Supplementary
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Material online). To assure orthology, only the first 90 pro-
tein domains in this list were selected allowing us to select
for the best alignments and thus the most conserved do-
mains. Thereafter, to check whether some domains were
usually associated within the same protein, PFAM analyses
were carried out on the basis of N. vectensis, M. brevicollis,
and B. dendrobatidis proteomes (see supplementary file 1,
Supplementary Material online). This resulted in some in-
dividual alignments that included two different protein do-
mains. By excluding these from consideration, the number
of total alignments was reduced to 82. Finally, when pos-
sible, the alignments were further extended at the N or C
termini to include conserved regions beyond the bounda-
ries of the PFAM domain.

Data Curation

After the automatic steps described above, each of the 82
alignments was checked by eye. The final taxonomic sam-
ple included 58 taxa: 21 Metazoa, 19 Fungi, and 18 other
eukaryotes (supplementary table S6 in supplementary file
1, Supplementary Material online). After the selection of
the protein domain alignments, sequences for the addi-
tional taxa were obtained using tBLASTx for each of our
protein domains against their proteomes. In addition, se-
quences that were not found in the proteomes were
searched using tBLASTn against genomes.

Putative errors of protein prediction were detected in the
alignments and corrected by performing new protein predic-
tions based on genomic sequences using GENSCAN (Burge
and Karlin 1997) and the ExPaSy Proteomics Server Translate
tool (Gasteiger et al. 2003). At this point, three of the protein
domain alignments were removed from the data set due to
indels in some taxa that resulted in short conserved sequen-
ces. If possible, when a sequence was missing (or largely in-
complete) for any given species, we added a sequence from a
closely related species to the alignment (e.g, as in the case of
the Oscarella and Acropora chimeric concatenated se-
quence; see supplementary file 1: table S7 for additional de-
tails, Supplementary Material online).

All alignments were again realigned with MAFFT, and
single-gene phylogenetic trees were inferred using PhyML
3.0 (Guindon and Gascuel 2003) with the LG evolutionary
model (Le and Gascuel 2008) and eight gamma rate cate-
gories. In the few instances in which species showed more
than one copy of a marker due to lineage-specific duplica-
tions/diversifications (and they were grouping together in
the single domain trees), only the sequence with the short-
est branch to the outgroup was retained. Since these differ-
ent copies represent recent lineage-specific domain
duplications, they will not mislead the phylogenetic infer-
ence. Finally, after all single domain trees were checked for
evidence of complex evolutionary histories, only one of the
alignments was discarded for presenting a potential paral-
ogy problem.

The remaining 78 protein domain alignments were real-
igned once more with MAFFT using default parameters.
They were again checked by eye, trimmed by Gblocks
0.91 (Castresana 2000) with default parameters and finally
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concatenated. In the end, the supermatrix consisted of 78
independent alignments representing 93 conserved single-
copy protein domains for 58 taxa. The matrix contained
18,106 amino acid positions (see supplementary table S8
in supplementary file 1, Supplementary Material online).

Saturation Test and Taxon Occupancy
The saturation plots were calculated for the original data
sets 1 and 3, as well as the data sets derived from these by
exclusion of the fastest evolving sites or recoding into func-
tional categories. These consisted of scatter plots based on
p-distances (pairwise observed distances) calculated with
MEGA 4.1 (Kumar et al. 2008) plotted against the ML dis-
tances inferred from the Whelan and Goldman model of
evolution (Whelan and Goldman 2001) including a gamma
distribution of four rate categories (WAG + GAMMA) that
were estimated with Tree-puzzle 5.2 (Schmidt et al. 2002).
The resulting curve showed the degree of substitutional
saturation qualitatively (see supplementary graphs S9 in
supplementary file 2, Supplementary Material online).
Taxon occupancy (Hejnol et al. 2009; Sanderson et al.
2010), which is an approximate estimation of the degree
of asymmetry within the matrix or the effect of the missing
data, was calculated by summing the percentage of taxa
present for each individual domain alignment and dividing
the result by the total number of domain alignments (sup-
plementary table S10 in supplementary file 2, Supplemen-
tary Material online).

The Outgroup Choice

The supermatrix contained a good sampling of Opisthokon-
ta, Amoebozoa as well as some representatives of Strame-
nopiles and Viridiplantae (Cavalier-Smith 1998; Adl et al.
2005) to root the tree (Wheeler 1990; Huelsenbeck et al.
2002). In addition to the original alignment, three other
supermatrices were created, each with reduced taxon sam-
pling to test the impact of a closer outgroup on the topology
recovered. The final data sets were as follows: 1) the original
matrix with 58 taxa, Unikonta as the ingroup and Strame-
nopiles and Viridiplantae as the outgroup (Data set 1); 2) a
data set with Amoebozoa and Apusozoa as the outgroup to
Opisthokonta with a total of 52 taxa (Data set 2); 3) a data
set with 36 taxa to specifically assess the branching order of
Holozoa, in which a few representative Fungi were used as an
outgroup (Data set 3); and 4) a 28 taxon data set to address
the phylogeny of early divergent Fungi, using a few represen-
tative holozoan species as the outgroup (Data set 4).

Recoding into Functional Categories

To reduce the potential systematic error associated with
compositional bias, a recoding approach was tested as de-
scribed in Rodriguez-Ezpeleta et al. (2007) and Ruiz-Trillo
et al. (2008). For each of the four data sets, the 20 amino
acid characters were manually recoded into four chemically
related categories to obtain the specific recoded data sets.
The categories were based on the six Dayhoff groups
(ASTGP, DNEQ, RKH, MVIL, FYW, and C [Dayhoff
1978]). However, there were two modifications to allow
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for a general time reversible (GTR) matrix, as implemented
in most programs: aromatic (FYW) and hydrophobic
(MVIL) were combined in the same category, and the rare
cysteines were coded as missing data.

Effects of Missing Data

To test the impact of missing data that resulted from the
inclusion of EST data, two extra data sets were created for
each of the four original ones. In the first extra data set, taxa
with more than 45% of missing data were excluded (cor-
responding to the seven taxa whose sequences were de-
rived from EST data). In the second data set, all taxa
with more than 10% missing data were excluded (supple-
mentary table S12 in supplementary file 2, Supplementary
Material online).

Removal of Fast-Evolving Sites

The four data sets were analyzed by ML under the WAG +
GAMMA model with the quartet puzzling algorithm
(Strimmer and von Haeseler 1996) using Tree-puzzle 5.2
(Schmidt et al. 2002) to classify all sites into eight discrete
categories of the gamma distribution. To reduce the com-
putational burden and avoid problems with missing data,
these analyses were performed by excluding taxa with more
than 10% missing data (see the section above). Using the
estimated site-rate categories from the quartet puzzling al-
gorithm, two additional data sets were generated using the
masking option on BioEdit (Hall 1999) to test the effect of
progressive removal of fast-evolving sites. In one data set,
positions classified as category 8 (the fastest-evolving sites)
were excluded; in the other positions classified as categories
7 and 8 were excluded (see supplementary table S11 in sup-
plementary file 3, Supplementary Material online).

Phylogenetic Analyses

ML trees were inferred using RAXML 7.2.8 parallel Pthreads-
based version (Stamatakis 2006). The four main data sets
were analyzed both with the WAG 4+ GAMMA and the LG
+ GAMMA models. The data sets recoded into functional
categories were analyzed using the generalized time rever-
sible model (Lanave et al. 1984) (GTR + GAMMA). Runs
started from four random trees, using subtree pruning and
regrafting for branch swapping and the rapid hill-climbing
algorithm (Stamatakis et al. 2007). ML analyses were also
performed using 78 partitions for each of the genes in
the main data sets. Rather than the fast-bootstrap feature
of RAXML, the statistical support was assessed by perform-
ing 500 nonparametric bootstrap replicates with the same
parameters as used in the initial tree search (see supple-
mentary file 3, Supplementary Material online).

Bl trees were constructed using the “Automatic stop-
ping rule” with the default parameters as implemented
in PhyloBayes 3.2 (Blanquart and Lartillot 2006, 2008) under
the site-heterogeneous CAT evolutionary model (Lartillot
and Philippe 2004). We chose the CAT-Poisson option,
since it is a complex model that captures the diversity
of site profiles in the data set without being overparame-
terized. To evaluate statistical support for splits, in addition

to posterior probabilities, 100 jackknife pseudo replicates
were obtained using SEQBOOT from the PHYLIP package
(Felsenstein 1989) keeping 60% of positions. For each of
these, a single Markov Chain Monte Carlo run was per-
formed with 6,000 cycles using PhyloBayes. Thereafter, a
burn-in of 3,000 cycles were applied to obtain a consensus
tree for each chain (see main figs. 2-5).

Comparison of Topologies

Topologies estimated by ML can be compared using a
number of statistical tests including the approximately un-
biased (AU) test (Shimodaira 2002). Using the best ML tree
from each data set, we prepared a series of specific node
constraints with TreeView (Page 1996) to evaluate alterna-
tive topologies (e.g, we constrained Ichthyosporea to be
the sister group to Filasterea and other Holozoa). The top-
ologies were either based on previous studies or considered
to be hypotheses of interest. First, RAXML was used to re-
calculate the optimal topology for each constraint and to
calculate the site likelihoods for each tree. Then, the AU
test was performed using CONSEL (Shimodaira and Hase-
gawa 2001) with the default scaling and replicate values
(supplementary table $13 in supplementary file 2, Supple-
mentary Material online).

Results

A New Data Set

To avoid orthology assignment problems, we constructed a
novel supermatrix based on conserved single-copy do-
mains (see the Materials and Methods and supplementary
table S8 in supplementary file 1, Supplementary Material
online). This data set represents an independent matrix
for phylogenomic analysis since it shares less than 10% with
other published eukaryotic phylogenomic data sets (see
supplementary table S2 in supplementary file 1, Supple-
mentary Material online). We performed ML and BI anal-
yses to test previous hypotheses about the phylogenetic
position of primary divergent lineages within Holozoa,
Metazoa, and Fungi. A series of different data sets were an-
alyzed to assess the effect of outgroup choice on the results
for each phylogenetic question evaluated.

Data Set 1: Stramenopiles and Viridiplantae as
Outgroup to Unikonta
The substitutional saturation plot for the original data set
shows that the observed distances are, in general, propor-
tional to the corrected distances without reaching a clear
plateau, indicating that the data set does not display sig-
nificant saturation (supplementary graphs S9g, ¢, and e in
supplementary file 2, Supplementary Material online).
Moreover, the average taxon occupancy is 90.78% of taxa
per alignment (supplementary table S10 in supplementary
file 2, Supplementary Material online), which is high rela-
tive to most published phylogenomic analyses.

The BI tree inferred with the CAT-Poisson model recovers
the Amoebozoa, Apusozoa, and Opisthokonta as a clade (the
Unikonta). In this analysis, the apusozoan T. trahens clearly

535

2102 ‘ST Afenuer U0 OISO op Seasiol|q1g ap pay 1 /BI0SRUIN0[pI0X0'aqu//:dny WO.) popeojumMod


http://mbe.oxfordjournals.org/cgi/content/full/msr185/DC1
http://mbe.oxfordjournals.org/cgi/content/full/msr185/DC1
http://mbe.oxfordjournals.org/cgi/content/full/msr185/DC1
http://mbe.oxfordjournals.org/cgi/content/full/msr185/DC1
http://mbe.oxfordjournals.org/cgi/content/full/msr185/DC1
http://mbe.oxfordjournals.org/cgi/content/full/msr185/DC1
http://mbe.oxfordjournals.org/cgi/content/full/msr185/DC1
http://mbe.oxfordjournals.org/cgi/content/full/msr185/DC1
http://mbe.oxfordjournals.org/cgi/content/full/msr185/DC1
http://mbe.oxfordjournals.org/cgi/content/full/msr185/DC1
http://mbe.oxfordjournals.org/cgi/content/full/msr185/DC1
http://mbe.oxfordjournals.org/cgi/content/full/msr185/DC1
http://mbe.oxfordjournals.org/cgi/content/full/msr185/DC1
http://mbe.oxfordjournals.org/cgi/content/full/msr185/DC1
http://mbe.oxfordjournals.org/cgi/content/full/msr185/DC1
http://mbe.oxfordjournals.org/cgi/content/full/msr185/DC1
http://mbe.oxfordjournals.org/cgi/content/full/msr185/DC1
http://mbe.oxfordjournals.org/cgi/content/full/msr185/DC1
http://mbe.oxfordjournals.org/cgi/content/full/msr185/DC1
http://mbe.oxfordjournals.org/cgi/content/full/msr185/DC1
http://mbe.oxfordjournals.org/cgi/content/full/msr185/DC1
http://mbe.oxfordjournals.org/cgi/content/full/msr185/DC1
http://mbe.oxfordjournals.org/cgi/content/full/msr185/DC1
http://mbe.oxfordjournals.org/cgi/content/full/msr185/DC1
http://mbe.oxfordjournals.org/cgi/content/full/msr185/DC1
http://mbe.oxfordjournals.org/cgi/content/full/msr185/DC1
http://mbe.oxfordjournals.org/cgi/content/full/msr185/DC1
http://mbe.oxfordjournals.org/cgi/content/full/msr185/DC1
http://mbe.oxfordjournals.org/cgi/content/full/msr185/DC1
http://mbe.oxfordjournals.org/cgi/content/full/msr185/DC1
http://mbe.oxfordjournals.org/cgi/content/full/msr185/DC1
http://mbe.oxfordjournals.org/

Torruella et al. - doi:10.1093/molbev/msr185

95/100/1/97 Xenopus tropicalis
55/82/1/93 Ciona intestinalis
97/1007/0.99/91 Branchiostoma floridae Deuterostomia
Strongylocentrotus purpuratus
Saccoglossus kowalevskii
Tribolium castaneum
Drosophila melanogaster
i
90/100/1/100 e P Caenorhabditis elegans bedyiezes
Brugia malayi §
73/95/0.5/ 44 91/100/ 1/ 100 Trichinella spiralis §
Helobdella robusta =
Capitella teleta Lophotrochozoa e}
Lottia gigantea g o
-/-10.88/59 Hydra magnipapillata gz
g . . Hydrozoa 19
100/100/0.99 /100 Clytia hemisphaerica Cnidaria g
100/ 100/0.99 / 100 Nematostella vectensis Anthozoa &
Acropora
Trichoplax adhaerens Placozoa
100/100/0.99 /100 Oscarella Homoscleromorpha .
=l=(QERDITE Amphimedon queenslandica Ceractinomm‘plga Porifera
197 Salpingoeca rosetta
H—+—Monmiga brevicollis Choanoflagellata
100/100/0.99 / 100 Honosiga ovete g
- PR O0HIOBITAI, Capsaspora owc%lr%slgtqrm vibrans Filasterea g
Sphaeroforma arctica ®
100/100/0.99 / IOOAmoebi fum pa{asiticum Ichthyosporea
Postia placenta
Phanerochaete chrysosporium
Laccaria bicolor
Cryptococcus neoformans Basidiomycota
Sporobolomyces roseus
48/5670.99/73 IADGERIE GRS =
Ustilago maydis 5
100/100/0.99/ 100 Kluyveromyces lactis 5
l_*—E Candida albicans g
Yarrowia lipolytica g
100/100/0.99 /100 Sclerotinia sclerotiorum Ascomycota o
L Schizosaccharomyces pombe 7%
97/100/1/88] 1-10.99/81 Rhizopus oryzae =
4E/Iucor circinelloides Zygomycetes
Phycomyces blakesleeanus
100/ 1007 0.99 / 100 A llfﬂ’gfzg:%zz;’gz;ﬁi‘rsonu Blastocladiomycetes
4 _ﬂlomyces punctatus . .
Batrachochytrium dendrobatidis yComyeees
Thecamonas trahens — Apusozoa
[— Dictyostelium purpureum
ﬁ ‘T——Dictyostelium discoideum
Amoebozoa
- Physarum polycephalum
Acanthamoeba castellanii
ol - - - - = = = = g——Thalassiosira pseudonana ~— ~ T 7 N\
| % L Phaeodactylum tricornutum Stramenopiles | -
Phytophthora ramorum =
= Volvox carteri outgroup | %
| i Micromonas pusilla Viridiplantae | ®
< _ _ _ _ _ _ _ —————— Selaginella moellendorffii _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ )
0.2

FiG. 2. Phylogenetic tree from Bl for the data set 1. Stramenopiles and Viridiplantae are the outgroup. The numbers on branches indicate, from
left to right, the following statistical support values: nonparametric bootstrap using WAG model (ML analysis with 500 replicates),
nonparametric bootstrap using LG model (ML analysis with 500 replicates), posterior probability using CAT model (Bl analysis), and delete 40%
jackknife using CAT model (BI analysis). Nodes with maximum support values for all four analyzes (100 nonparametric bootstraps, 1 posterior
probability and 100 jackknife runs) are depicted with black circles. Clades without support are marked with “-.”

branches as the sister group to the opisthokonts (fig. 2), but
given that there is only one representative for this group, a
firm conclusion cannot be drawn at this time point with con-
fidence. A discussion of phylogenomic results with broader
species sampling and a mitochondrial protein set will be pre-
sented elsewhere.

Within Opisthokonta, Fungi appear as the sister group
to a monophyletic Holozoa. Within Fungi, the Chytridio-
mycetes emerge as the earliest-branching fungal lineage,
to the exclusion of the clade formed by the Blastocladio-
mycetes and the remaining fungi with a posterior proba-
bility support value of PP = 0.99 and a jackknife value of JV
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= 81%. Within the Holozoa, the Filasterea emerge as the
sister group to a Choanoflagellata and Metazoa group, with
Ichthyosporea as the first-branching holozoan lineage (PP
= 1; JV = 97%) supporting the Filozoa hypothesis (Ruiz-
Trillo et al. 2008; Shalchian-Tabrizi et al. 2008; Liu et al.
2009). Within the Metazoa, sponges are recovered as the
sister group to all the remaining animal phyla (PP =
0.88; JV = 59%), whereas Trichoplax adhaerens emerges
as an independent lineage that forms a sister group to Cni-
daria plus Bilateria.

Remarkably, the ML analyses under the WAG + GAMMA
or LG + GAMMA models recovered several topologies that
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Fic. 3. Phylogenetic tree from Bl for data set 2. Amoebozoa and Apusozoa are the outgroup. The numbers on branches indicate, from left to
right, the following statistical support values: nonparametric bootstrap using WAG model (ML analysis with 500 replicates), nonparametric
bootstrap using LG model (ML analysis with 500 replicates), posterior probability using CAT model (Bl analysis), and delete 40% jackknife using
CAT model (Bl analysis). Nodes with maximum support values for all four analyzes (100 nonparametric bootstraps, 1 posterior probability, and
100 jackknife runs) are depicted with black circles. Clades without support are marked with “-.”

differed from the Bl analyses employing the CAT model (fig.
2, supplementary figs. ST and S3, Supplementary Material
online). Specifically, the ML analyses grouped Ichthyosporea
with Filasterea together, although with low-to-moderate
bootstrap values (BV = 65% using WAG and 42% using
LG) and place the placozoan T. adhaerens within
sponges, with no statistical support (WAG BV = 38%
and LG BV = 56%). For the partitioned analyses, the removal
of taxa with the most missing data or the fastest-evolving
sites (i.e, those belonging in rate category 8) made little dif-
ference to the results (see supplementary figs. S2, S5, S6, and
S7 in supplementary file 3, Supplementary Material online).
However, when the sites from both rate categories 7 and 8

were removed (supplementary fig. S8, Supplementary
Material online), Filasterea appeared as the sister group
to Choanoflagellata and Metazoa (BV = 44%) to the exclu-
sion of Ichthyosporea. Interestingly, the analysis with the
amino acid positions recoded into functional categories
had the same outcome as the removal of the two fastest-
evolving site categories, although with low statistical
support. The recoding analyses moderately supported the
Filozoa hypothesis (BV = 63%) and the Chytridiomycetes
as the earliest-branching fungal lineage (BV = 46%, see
supplementary fig. S4 and table S11 in supplementary file
3, Supplementary Material online for an overall view of all
analyses performed for all data sets).
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Data Set 2: Amoebozoa and Apusozoa as the
Outgroup to Opisthokonta

The Bl tree estimated with the CAT model for this data set,
in which Amoebozoa and a single Apusozoa species were
used as the outgroup to Opisthokonta, had a very similar
topology to the data set 1 for the nodes of interest. The
following were supported: the Filozoa hypothesis (PP =
1; JV = 96%), the Blastocladiomycota hypothesis (PP =
1; JV = 95%), and the branching of Placozoa as a sister
group to Cnidaria (PP = 0.98; JV = 67%; see fig. 3).

The ML tree estimated using LG + GAMMA model also
recovered the Filozoa (BV = 47%; see supplementary fig.
S11, Supplementary Material online). In contrast, the
WAG + GAMMA model analysis recovered the Ichthyo-
sporea and the Filasterea grouping together at the base
of Holozoa, with low statistical support (BV = 58%; see
supplementary fig. S9, Supplementary Material online).
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The ML analyses of data set 2 revealed a different top-
ology for basal Fungi than that recovered by BI, with Chy-
tridiomycetes as the sister group to Blastocladiomycetes
(BV = 63% for WAG and 55% for LG). Finally, in contrast
to the Bl tree, T. adhaerens was located between Porifera
and Cnidaria as an independent lineage but with no stat-
istical support in the ML analyses (supplementary figs. S9
and S11, Supplementary Material online). Similar to the
analyses of data set 1, partitioning the data set, the exclu-
sion of the taxa with the most missing data or removal of
the fastest-evolving sites did not have much impact on the
results (supplementary table S11 and figs. $10, $S13-S15,
Supplementary Material online). Only the exclusion of sites
with rate categories 7 and 8 (supplementary fig. S16,
Supplementary Material online) and the recoding of amino
acid positions into functional categories (supplementary
fig. S12, Supplementary Material online) affected the
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topology recovered. In this case, Ichthyosporea appeared as
the sister group to the rest of Holozoa, although with low
statistical support (the Filozoa hypothesis with BV = 76%
for recoding and BV = 42% for removing the fastest posi-
tions), and Placozoa was recovered as a sister group to Cni-
daria (BV = 76% in the recoding analysis).

Data Set 3: Fungi as an Outgroup to Holozoa

This data set was specifically designed to assess the branch-
ing order of the first holozoan lineages. Like data set 1, the
saturation analysis of data set 3 showed even less substitu-
tional saturation in the amino acid composition between
species (see supplementary graphs 9b, d, and f in supple-
mentary file 2, Supplementary Material online). The ML
and BI analyzes both showed, with reasonable statistical
support (fig. 4), Ichthyosporea as the first lineage to branch
off the Holozoa followed by the Filozoa (BV = 94% for
WAG; BV = 89% for LG; PP = 0.95; ]V = 100%; see sup-

plementary table S11 and figs. S17-S19 in supplementary
file 3, Supplementary Material online). This topology is in
contrast to most of the ML trees inferred from data sets 1
and 2 that had a more distantly related outgroup. Impor-
tantly, analyses of data set 3 also recovered Placozoa as a
sister group to Eumetazoa (Cnidaria + Bilateria) in both
the Bl (PP = 0.99; ]V = 90%) and the ML trees (BV =
42% for WAG; BV = 55% for LG; see fig. 4, supplementary
figs. S17 and S19, Supplementary Material online).
Similar to the other data sets, partitioned analyses had
the same result (supplementary fig. S18, Supplementary
Material online). However, the position of T. adhaerens
changes to that of sister group to Cnidaria or to Porifera
when the amino acids are recoded into functional catego-
ries or when taxa with missing data are excluded, as well as
when the fastest-evolving sites are removed (see supple-
mentary table S11 and figs. $20-S23, Supplementary
Material online).
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Data Set 4: Holozoa as an Outgroup to the Fungi
Data set 4 (fig. 5) was specifically designed to assess the
phylogeny of early-branching Fungi. The Bl tree shows Chy-
tridiomycetes as the sister group to the remaining Fungi
(PP = 1; JV = 98%), according to the BI trees inferred
by data sets 1 and 2. The same topology was obtained
on the ML trees with WAG and LG models, although with
low statistical support (BV = 63% and 62%; supplementary
figs. S25 and S27, Supplementary Material online). The stat-
istical support for this topology increased when data were
recoded into functional categories (BV = 87%; see supple-
mentary fig. S28, Supplementary Material online) or when
the fastest-evolving sites were excluded (both BV = 78%;
see supplementary figs. S31 and S32, Supplementary Mate-
rial online). Interestingly, the analyses of the data set that
excluded the taxa with the most missing data (supplemen-
tary figs. 29 and S30, Supplementary Material online) did
not estimate this topology but did show the grouping of
Blastocladiomycetes and Chytridiomycetes (BV = 57% and
58%, respectively).

Comparison of Topologies

To test whether alternative topologies can be statistically
rejected, the AU test (Shimodaira 2002) was used for each
data set. The test did not significantly exclude most of the
tested alternative topologies, except for Placozoa placed as
the sister group to Bilateria, which was rejected for all the
data sets (with P values < 0.05) and Blastocladiomycetes as
the sister group to Chytridiomycetes and other Fungi,
which was rejected for data sets 2 and 3 (supplementary
table S13 in supplementary file 2, Supplementary Material
online).

Discussion

A New Phylogenomic Data Set

Previous phylogenomic analyses of eukaryotes, the Opis-
thokonta, or the Metazoa, have inferred phylogenetic rela-
tionships that have since become widely accepted, such as
Opisthokonta monophyly (Cavalier-Smith and Chao 1995;
Lang et al. 2002; Medina et al. 2003; Ruiz-Trillo et al. 2004,
2006, 2008; Steenkamp et al. 2006; Shalchian-Tabrizi et al.
2008); the adjacency of Opisthokonta and Amoebozoa; or
the sister group relationship between Choanoflagellata and
Metazoa (Lang et al. 2002; Philippe et al. 2004; Ruiz-Trillo
et al. 2008; Shalchian-Tabrizi et al. 2008). However, some
specific relationships remain highly disputed and it was
not clear whether this is a methodological problem or a
consequence of rapid diversification having occurred in
particular parts of the tree (i.e, the origin of Metazoa).
Two possible causes of incongruence among published
analyses are the use of data sets with limited taxon sam-
pling and/or orthology miss-assignments. Here, we have
tried to avoid both problems by using the widest taxon
sampling to date for organisms with completed full ge-
nome or transcriptome sequences and using conserved
single-copy domains as markers. Furthermore, as there is
minimal overlap between the data set we assembled
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and those previously published (Philippe et al. 2004,
2009; Brinkmann et al. 2005; Burki et al. 2007; Ruiz-Trillo
et al. 2008; Shalchian-Tabrizi et al. 2008), our analyses serve
as an independent test of phylogenetic hypotheses. We
used this data set to test hypotheses in three different parts
of the opisthokont tree and to evaluate the effect of several
methods that are assumed to minimize systematic errors,
such as closing the outgroup, excluding the fastest-evolving
positions, and recoding the amino acids into functional cat-
egories (Philippe 1997; Rodriguez-Ezpeleta et al. 2007; Ruiz-
Trillo et al. 2008).

The Early-Branching Fungi

Our data show that the distance of outgroup sequences to
the ingroup has a considerable impact on the topology of
the Fungi, at least when using ML methods with standard
protein models. Analysis of data set 4 (fig. 5), that uses only
holozoan lineages as an outgroup, shows Chytridiomycetes
as the sister group to the remaining Fungi, supporting pre-
vious multigene trees (James et al. 2000, 2006; Liu et al.
2009). In contrast, data sets 1 and 2, which have a distantly
related outgroup, show Blastocladiomycetes as the sister
group to Chytridiomycetes. Neither the recoding strategy
nor excluding the fastest evolving sites showed strongly
supported differences in recovered topologies. One possi-
ble explanation for this observation is that the phylogenetic
signal for branches separating the early-branching Fungi is
weak in our data set. Only by using the CAT mixture model
and/or an adequate outgroup (less prone to suffer from
substitutional saturation and compositional heterogeneity,
respectively), a consensus relationship is recovered among
most data sets analyzed, although with low statistical sup-
port. Unfortunately, the taxon sampling for Fungi in our
data set remains very limited compared with other recent
studies (James et al. 2006; Liu et al. 2009). In future, our
results should be tested with wider fungal taxon sampling,
including lineages closest to Fungi, such as the nucleariids
and F. alba.

The Branching Order within Holozoa

There has been controversy over the branching order with-
in Holozoa and, particularly, over whether Ichthyosporea is
the sister group to Filasterea or to Filozoa. On balance, our
data supports the Filozoa hypothesis (Ruiz-Trillo et al. 2008;
Shalchian-Tabrizi et al. 2008; Liu et al. 2009) rather than a
sister group relationship between Filasterea and Ichthyo-
sporea (tentatively named in this manuscript “Filasporea”)
(Ruiz-Trillo et al. 2008; Liu et al. 2009).

As with Fungi, the influence of outgroup choice is sig-
nificant, with the closest outgroup-rooted analyses sup-
porting the Filozoa hypothesis most strongly. The ML
analyses only recover the Filozoa grouping with data set
3 (supplementary figs. S17 and S19, Supplementary Mate-
rial online), which is also recovered by the CAT mixture
model under BI (fig. 4). Use of the CAT model also has
a considerable impact on the estimated topology as it also
retrieves the Filozoa topology even when more distantly
related outgroups are used, as in data sets 1 and 2 (figs.
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2 and 3). A possible explanation is that the CAT model
deals better with substitutional saturation (although not
with compositional heterogeneity [Nesnidal et al. 2010])
than other models, such as WAG (Lartillot and Philippe
2008). Interestingly, the topology of Holozoa was also af-
fected by recoding the amino acids into functional catego-
ries or by removing the fastest-evolving positions
(categories 8 and 7). Both measures allowed recovery of
Filozoa in analyses of data sets 1 and 2 (supplementary figs.
S4, S8, 512, and S16 in supplementary file 3, Supplementary
Material online), probably because they reduced error from
substitutional saturation (see supplementary graphs 9a—f
in supplementary file 2, Supplementary Material online).

The finding that Ichthyosporea is the sister group to the
remaining Holozoa has deeper evolutionary implications.
The filasterean C. owczarzaki has recently been shown
to have several genes that are involved in multicellularity.
These genes were previously believed to be metazoan spe-
cific (and are not present in Choanoflagellata) and include
genes for integrins, T-box proteins (including a Brachyury
type), or Runx (Sebé-Pedros, de Mendoza, et al. 2010;
Sebé-Pedros, Roger, et al. 2010; Sebé-Pedros and Ruiz-Trillo
2010). Thus, if Ichthyosporea is indeed the earliest branch-
ing lineage within the Holozoa, the importance of
obtaining genome data from ichthyosporeans increases
(Ruiz-Trillo et al. 2007), since the elucidation of the genetic
machinery of Ichthyosporea will be crucial to pinpoint the
evolutionary origins of these cell-adhesion and intercellular
“communication” genes.

The Early Branching Metazoans

Finally, we tested how our new data set behaves with re-
gard to the phylogeny of early-branching metazoans. To
avoid problems with missing data, we only included diplo-
blast phyla from which at least one complete genome se-
quence is available (i.e, Porifera, Placozoa, and Cnidaria).
Unfortunately, our data set does not include Ctenophora,
which has recently been proposed to be the earliest-
branching metazoan phyla (Dunn et al. 2008; Hejnol
et al. 2009; but see Philippe et al. 2009, 2011). Although
most of the analyzes fail to provide a strongly supported
answer to the branching order of diploblastic metazoans,
mainly due to the unstable position of T. adhaerens, the
CAT model and a close outgroup provide a moderately
well-supported topology (fig. 4). Although most of the
trees (either with ML or Bl estimation) show T. adhaerens
as the sister group to Cnidaria (see fig 3 and supplementary
table S11 for summary, Supplementary Material online),
the ML and especially the Bl analyses for data set 3 show
Placozoa in an intermediate position between sponges and
cnidarians, that is, as a sister group to the Eumetazoa (Cni-
daria + Bilateria). Since other Holozoa interrelationships
are well resolved with this data set, we suggest an emer-
gence between sponges and cnidarians is the most likely
position of T. adhaerens, although we cannot rule out a
sister group relationship this organism and Cnidaria. In fact,
this position as sister group to Eumetazoa could explain
that the T. adhaerens genome seems to encode a gene rep-

ertoire in between what it is found in sponges and cnidar-
ians for some gene families such as MAGUK, bHLH, or
homeobox, although secondary gene loss can not be ruled
out (Schierwater et al. 2008; Srivastava et al. 2008; de Men-
doza et al. 2010; Sebé-Pedros, de Mendoza, et al. 2010; Ryan
et al. 2010). In any case, further phylogenomic analyses
should be carried out with more sponges and with at least
one representative of the phylum Ctenophora to test
whether this phylogenetic position is stable.

Conclusions

Our data show that concatenated alignments of protein
domains rather than genes or complete proteins are a use-
ful alternative strategy for inferring phylogenies and testing
previous hypotheses that minimizes potential orthology as-
signment issues. We found that the selected evolutionary
model and the outgroup have a considerable impact on the
recovery of deep phylogenetic relationships within the
opisthokonts. Other methods that are known to minimize
systematic errors, such as recoding the amino acid into
functional categories, or excluding the fastest-evolving sites
have less impact but still provide important information
regarding the kinds and locations of conflicting signals
within data sets. Interestingly, our data supports the group
Filozoa (Shalchian-Tabrizi et al. 2008) whereby Ichthyo-
sporea are the sister group of the remaining Holozoa
and do not branch as the sister group to Filasterea. We also
find that the Chytridiomycetes may be the sister group
to the rest of Fungi (James et al. 2006; Liu et al. 2009),
although our taxon sampling is very limited. Finally, we
find some support for the placement of Placozoa as
occupying an intermediate position between Porifera
and Cnidaria (Srivastava et al. 2008) or as a sister group
to Cnidaria (Cavalier-Smith and Chao 2003). Although
more analyses are certainly needed, our new approach
based on conserved single-copy protein domains has
proved to be an invaluable independent data set to infer
phylogenies. As new genome or complete transcriptome
sequences become available, this new data set can be
expanded and further tested.

Supplementary Material

Supplementary files 1-3 are available at Molecular Biology
and Evolution online (http://www.mbe.oxfordjournals.org/)
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Resum article 3: Filotranscriptomica revela caracteristiques ancestral a Corallochytrium i

Ministeria (Holozoa, Opisthokonta)

Els opistoconts son el supergrup d'eucariotes que conté animals i fongs, perdo també
diversos llinatges de protists incloent Coanoflagel-lats, Filastera, Opisthosporidia,
Nucleariids, Ichthyosporea i l'enigmatic Corallochytrium limacisporum. Establir les
relacions filogenétiques entre aquests grups és fonamental per entendre les transicions
evolutives que han succeit al grup, com l'origen de la multicel-lularitat. Per resoldre-ho
vam realitzar filogenomica amb dades de transcriptomes de representats de tots els
linatges protists, essent I'estudi amb un mostreig més extensiu fins ara en opistoconts.
Hem seqlenciat els transcriptomes de dues soques de C. limacisporum aillades de
Hawaii i india, cinc Ichthyosporea, una Nuclearia sense caracteritzar i I'Ancyromonadida
Nutomonas longa (possible grup germa dels opistoconts. El nostre estudi resol l'arbre
filogenetic dels opistoconts i emplaga a C. limacisporum com a llinatge germa dels
Ichthyosporea, tots junts representant el primer llinatge dels holozous. Aixi la transici6 de
la fagotrofia a I'osmotrofia va passar dos cops als opistoconts, un als holozous i I'altre als
holomicots. Per investigar més a fons aquesta hipotesi, vam emprar la genomica
comparada per tracar I'historia evolutiva de dos caracters clau en I'evoluci6 dels fongs: el
flagell i les quitina sintases. Les nostres dades mostren que els holozous Ministeria
vibrans i C. limacisporum expressen un aparell flagel-lar abans inadvertit, amb un patré
de reducci6 observat en fongs i altres eucariotes. També demostrem que l'avantpassat
comu de tots els opistoconts tenia un repertori complex de quitina sintases que s'ha
simplificat en la majoria de llinatges actuals i secundariament diversificat en animals,
fongs i els holozous osmotrofs. En conjunt, el nostre estudi aporta un marc filogenétic per

estudiar les transicions evolutives dels opistoconts emprant la genomica comparada.
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Summary

Opisthokonta is a well known eukaryotic supergroup as it
contains fungi and animals; but it also contains diverse
protistan lineages including choanoflagellates,
filastereans, nucleariids, opisthosporidians,
ichthyosporeans and the enigmatic Corallochytrium
limacisporum [1]. The phylogenetic relationships
between those protistan lineages are fundamental to
understand the evolutionary transitions that lead to the
current diversity, including the transition to
multicellularity in animals [2]. In order to resolve
opisthokont phylogeny we took a phylogenomic
approach gathering transcriptomic data from
representatives of all protistan lineages; being this study
the most extensive sampling to date. Here we include
transcriptomic data from two strains of C. limacisporum
isolated from Hawaii and India, five ichthyosporeans; an
uncharacterized Nuclearia and the ancyromonad
Nutomonas Ilonga, a putative outgroup to Opisthokonta
[3, 4]. Our phylogenetic analyses resolve the backbone of
opisthokont phylogeny, and places C. limacisporum as
sister group to the Ichthyosporea. This grouping
indicates that the osmotrophic lifestyle evolved once in
the Holozoa, mirroring fungi in Holomycota. To further
investigate this hypothesis we undertook a comparative
genomics approach to trace the evolution of two key
characters in fungal evolution: the cilium and the chitin
synthases. Our data shows that Ministeria vibrans and C.
limacisporum have a flagellar apparatus previously
unnoticed, and that the pattern of flagellum reduction
observed resembles that in fungi and other eukaryotes
[5]. We also show that the Last Opisthokont Common
Ancestor had a complex toolkit of chitin synthases that
has been simplified in extant lineages and that has
specifically suffered secondary expansions in animals
[6], fungi [7], but also in Ichthyosporea and C.
limacisporum, blurring classic synapomorphies of fungi
[8]. Overall, our study provides a phylogenetic framework
to study the evolutionary transitions in Opisthokonta at a
genomic scale.

Results and Discussion

Broadest taxonomic sampling of Opisthokonta places
Corallochytrium sister group to Ichthyosporea

To properly infer the opisthokont phylogeny, we used the
broadest taxon sampling to date using RNAseq. Previous
attempts to solve opisthokont phylogeny balanced between
species-rich datasets with poor deep node resolution based on
small ribosomal subunit [9, 10] and multigene supermatrices
that included few lineages [11—14]. In the study here presented
we updated our previously published phylogenomic dataset
[14] including representative species of all described protist
lineages in Opisthokonta. Of special interest is Corallochytrium
limacisporum, a spherical walled free-living saprotroph found in
coral reefs [15]. Originally classified as a Thraustochytrid for its
morphology, C. limacisporum has been unstably placed within
opisthokonta in all molecular phylogenies to date because of
the scarce molecular data available [4, 16—19]. To obtain full
transcriptome data we isolated two C. limacisporum strains
from coral reefs, one from India and the other from Hawaii (see
Experimental Procedures), and established them as axenic
cultures. We also sampled Ichthyosporean representatives,
including Creolimax fragrantissima [20], Pirum gemmata,
Abeoforma whisleri [21], two strains of Ichthyophonus hoferi
[22] (all the former belonging to the Ichthyophonida clade) and
Sphaerothecum destruens, a member of the Dermocystida,
which is the deepest branching ichthyosporean lineage
according to small ribosomal subunit phylogenies [23]. We also
included the uncharacterized Nuclearia ATCC 50694, a filose
amoeba sister group to fungi, and Nutomonas longa CCAP
1958/5 [3], a putative outgroup of Opisthokonta related to
Apusozoa [4, 24]. In the dataset we also increased the data for
Ministeria vibrans and Amoebidium parasiticum using newly
sequenced RNAseq, as well as updating data for
choanoflagellates, microsporidia and early branching fungi and
animal phyla (see Table S1 and Supplemental Experimental
Procedures). Therefore, we generated transcriptomic data for
12 protistan species and placed them in an updated
phylogenomic framework.



Lottia gig 3l £] 8
Capitella teleta Nl 8] 5
$70 CAT-Poi / ML LG+G Triboli S| 2| §
$83 CAT-Poi / MLLG+4G Daphnia pulex 15| E
B D 2
1182 Brancm'osloma‘ ﬂom‘iae i (o]
Hydra
1159 Clytia 2 ] Metazoa
0.94/68 Acmpom_ digihfam -
Sycon
1/56 = 0 N
0.89/ o hori
1/85 ovata
1/73 g idi
g rosetta
1/ gg H i Choanofl
1
'y Helg nana
b Di costata
= Ministeria vibrans I —
Ichthyophonus hoferi USA
_E{_lch!hyophonus hoferi Valéncia
Amoebidium parasiticum
Sphaeroforma artica
l Creolimax fragrantissima Ichthyosporea
0.87/61 Pirum gemmata
097160 —Y—— Abeoforma whisleri
Sphaerothecum destruens
0.84 / 80 ; Corallochytrium limacisporum India
08/56 1 Corallochytrium limacisporum Hawaii
Rhizopus oryzae 3
rr:Muoolcim'nslloidos filamentous §
P bl fungi
1192 L Lichtheimia hy ng S
0871- Mortierella verticillata 2
Mortierella alpina
Cry fi
Ustilago maydis
pombe
C reversa
C
Ci g il
093/- Blastocladi i st Jadiomycota
1/- ¥ gy
— yces sp
Ju prolifera e
095/79 Chytridiomycota
Encephalitozoon intestinales
"l Antonospora locustae . .
097/ 0.82/70 L 7 Ne da parisii Opisthosporidia
Rozella yCi
= Nuclearia sp ) I -
Fonticula alba Nucleariids
Th rmhensl = o
—’ A - Ap
Yy
1 _—+ ke Brevi Breviatea
Pygsuia biforma
o Oictostoun fasocul
;‘—Dicfyoslsﬁum purpureum
Dictyostelium discoi Amoebosca

/- & o ia gruberi
A -5~ Bodo saltans I Excavata
Nutomonas longa Ancyromonadida
Volvox carteri
i i Vir
Thalaccinei outgroup
f Stramenopila

Figure 1. Phylogenetic tree estimated from the 83-taxa matrix (see Table S1, S2 and Supplemental Information) inferred by Phylobayes
under the CAT-Poisson model. The topology is the consensus of two MCMC chains run for 1,500 generations, saving every 10 trees and after
a burnin of 25%. Split supports are posterior probabilities (pp) and nonparametric bootstrap (bs) values using 200 ML replicates using the LG
+I" model implemented in RAXML. Supports from 95 to 100 bs and 0.95 to 1 pp are not shown.




Flagellar toolkit

B. Flagellar toolkit

Chitin synthases

Q o
. &
O‘\Q (‘Q'\ N NP
@ © O N Q
(\b\ N N 'b"é\ <\‘®\ o \0\ & 4$ Gl "'" )
¥ <2 & & RN @9&3’ & L ~IE Cytopl smic
F L E S F ¥ ¥ ¥ f { Kinesin Il Dv"e'“2
Mtazoa ® © © © © ® @ ® geulin
Choanoflagellates @ ® ® ® @ ® © e o
C. owzcarzaki @
M.vibrans ® ® ® @ L ° C. Chitin synthases
Ichthyophonida e o Division |
Sl S ROT O TONS TORS CIED — EXIIER - Classes 11/
> : ™
. C. limacisporum ® @ @ ® [_.._] IEEEETEER-HHH- 'chthyosporean class
Other fungi °® I ) s
Spunctatus ® ® ® ® © @ @© e o Division
R. allomycis ® ® @ ° ® ()

Nuclearia sp.
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In order to obtain the phylogenetic relationships, we generated
two datasets composed of 93 Protein Domains: one bearing 83
taxa and 18,218 amino acidic positions (S83), and the other
designed to minimize topological artifacts/systematic error
excluding taxa with long-branches (e.g., Microsporidia,
Excavata) and taxa with high percentages of missing data
(e.g., EST-based taxa), resulting in a 70 taxa matrix with
22,313 amino acidic positions (S70). Both datasets were
consistent in recovering the backbone of eukaryotic phylogeny
using both Bayesian inference (Bl, CAT-poi) and maximum-
likelihood (ML, LG model) (Figure 1) approaches (details in
Experimental Procedures). As sister groups to Opisthokonta,
we systematically recovered Apusomonadida and Breviatea as
reported in a recent study by Brown et al. [25]. But the
topology of the S83 dataset recovered Nutomonas longa
(Ancyromonadida) branching closer to Excavata than to
Apusomonadida, contradicting small ribosomal subunit based
phylogenies [3, 4] but confirming recent results based in
multigene matrix approach (TCS14). Within Holomycota (which
includes fungi and their unicellular relatives), we recovered the
clade formed by Nuclearia sp. and Fonticula alba
(Discicristoidea) as the earliest branching lineage [13, 19];
followed by Rozella allomycis + Microsporidia [26, 27]; and the
paraphyly between Chytridiomycota and Blastocladiomycota
[28], although the coenocytic fungi in alternative split positions
in ML and Bl (see phylogenetic trees in Supplemental
Information). Finally, within Holozoa we recovered the
topologies of previous studies [12, 14], and most importantly,
we recovered C. limacisporum as sister to Ichthyosporea in
both ML and BI methods. The S83 dataset recovers C.
limacisporum position with weak support (56bs/0.8pp), but
excluding the long-branch taxa (S70, see Table S1) we
recovered higher support for that branching event (80bs/
0.84pp) (see Figure 1). The position of Sphaerothecum
destruens is slightly unstable (S83: 60bs/0.97pp; S70: 61bs/
0.87pp), but we consistently recovered monophyletic
Ichthyosporea (including the two major groups Icthyophonida
and Dermocystida) [29] and C. limacisporum as the earliest
branching lineage within this clade (tentatively named as
"Teretosporea” in this manuscript). Thus Teretosporea is the
most basal holozoan lineage, and it implies that the transition
from phagotrophy to osmotrophy happened only once in the
whole holozoan lineage.

C. limacisporum is the only free-living osmotroph within
Holozoa, while ichthyosporeans are known to be associated to
animal hosts as parasites or commensals [29], despite they
are also found in environmental surveys [10]. The life cycle of
C. limacisporum and Ichthyosporeans [30] is strikingly similar;
both start as a single cell that grows as a coenocyte until it
reaches maturation, when it suffers schizogony. The offspring
(merozoites) have dispersive amoeboid or flagellated forms
that once settled, they close the cycle [15, 30, 31]. Within
Holomycota, chytrid fungi show a similar developmental mode,
with both coenocytic growth and amoeboflagellated stages.
Moreover fungi also evolved from phagotrophic ancestors
(Nucleariids, Rozella and Aphelida [32]) to become
saprotrophs and parasites. To investigate the parallelisms
between fungi and Teretosporea, we undertook comparative
genomics to clarify the evolution of the flagellum and chitin
synthases within Opisthokonta.

Unexpected flagellar toolkit in Corallochytrium
limacisporum and Ministeria vibrans

Opisthokonta are characterized by a posterior single motile
flagellum [33], nevertheless it has been secondarily lost in
many lineages. The flagellum, together with the basal body, is
an ancestral eukaryotic organelle with a complex structure
encoded by a specific molecular toolkit [34, 35]. Among the
molecules that shape the flagellum there are specialized
tubulins (Epsilon, Delta) [36], the intraflagellar transport system
(which include the IFT-A, IFT-B and BBSome complexes) and
the motor molecules, which are specialized subfamilies of
Dyneins and Kinesins [34, 37]. Large scale genomic analyses
have shown that the presence of those genes in a given
genome clearly indicate the presence of a flagellum, even
revealing the presence of an unnoticed flagellar stage in some
eukaryotes [37].

To clarify the evolution of the flagellum we searched homologs
of a set of over 60 flagellum specific proteins [34] in our set of
opisthokont protists (see Experimental Procedures and
Table S3 Flagellum toolkit). As expected, non-flagellated
lineages such as Dikarya, Discicristoidea, Ichthyophonida and
the filasterean Capsaspora owczarzaki retrieved no positive
hits. But in the transcriptome of the other filasterean species,
M. vibrans, we found several proteins belonging to all of the



key flagellar molecular complexes. The presence of axonemal
dyneins, epsilon tubulin and IFT-A/B complexes clearly
suggested the presence of a flagellum. M. vibrans was
originally described as a filose amoeba suspended in the water
column thanks to a stalk attached to the substrate, which
resembled a modified flagellum based on TEM observations
[9]. To test if the stalk is a modified flagellum we performed
tubulin immunostaining on the original M. vibrans ATCC 50519
strain (see Experimental Procedures). Confocal microscopy
revealed a tubulin-protrusion branching from the cell body (see
Figure 2? and/or Figure SX). Therefore we find evidence of a
flagellar-like structure in M. vibrans that conserves most of the
ancestral flagellar toolkit.

Even more striking is the finding of multiple flagellum specific
genes in the transcriptomes of both C. limacisporum strains.
Those genes include d&/e tubulins, IFT-A and IFT-B
components and the retrograde motor Kinesin-Il (Figure 2).
Conversely we observe neither cytoplasmic dynein 2 nor any
of the axonemal dyneins (heavy, light and intermediate chains,
Table S3). The absence of those genes may be due the
incompleteness of the transcriptome or suggest the presence
of a derived non-motile flagellum in C. limacisporum, despite it
has HEATR2 (ref Diggle 2014 PlosGen). Previous description
of C. limacisporum [15] and our own observations using light
and TEM microscopy did not retrieve any clear flagellar
structure at least in culture conditions. Nevertheless molecular
data suggest that the life cycle of C. limacisporum should
present a cryptic flagellated stage, as it has been stated
regarding the genome content of Aureococcus and
Ostreococcus (Wickstead and Gull, 2012).

Therefore, within Teretosporea amoeboid and flagellated
stages are features shared by C. limacisporum and
Dermocystida (with no amoeba stage), while flagellated stages
were lost in Ichthyophonida (Figure 3). This pattern is similar
to fungi, were basal lineages retain flagellated stages and later
lifestyle specializations lost the flagellar apparatus [38]. The
absence of a complete BBSome in basal fungi, Teretosporea
and M. vibrans reinforces the hypothesis that the loss of this
module usually precludes the loss of the complete fagellum in
closely related lineages (Van Dam 13). Besides the pattern of
flagellar simplification, another feature shared between fungi
and Teretosporea is the presence of a cell wall.

At least four Chitin Synthases in the Last Opisthokonta
Common Ancestor

To gain insights into the evolution of the cell wall we analysed
the evolutionary history of chitin synthases (CHS) within
opisthokonta. Chitin is a key biopolymer in fungal cell walls and
animal cuticules [39] and is synthesized by CHS, which
conform a large and complex multigene family. Several CHS
classes have been described within fungi (Classes I/II/lll from
Division | and classes IV/V/VI/VII from Division Il) [7, 40] and
three ancestral classes are known in animals [6]. Some of the
fungal CHS classes are held as molecular synapomorphies of
fungi, as they have been found exclusively in fungal genomes,
including Rozella allomycis and Microsporidia [8]. Moreover,
CHS homologs have been found in other eukaryotes such as
the oomycete Saprolegnia monoica [41], in diatoms [42] and in
unicellular holozoans, including Ichthyosporea [8, 29].

To test which CHS are present in Teretosporea and clarify their
phylogenetic relationships compared to those of fungi and
animals we gathered CHS homologs from all eukaryotic
supergroups and build a tree based on the Chitin synthase
domain (see Supplemental Experimental Procedures).
(Figure 2 and Figure SX CHStree). This revealed three genes

belonging to Division Il CHS in C. limacisporum branching
within the clade that comprises fungal classes IV/V/VIlI and
also presenting the canonical functional motifs of fungal
sequences (Table S4 CHSmotifs). Interestingly two of those
genes contain a N-terminal Myosin Head domain, resembling
genes from fungal classes V/VII [38]. The myosin head of C.
limacisporum CHS is sister group to fungal V/VIlI CHS, forming
the Myosin class XVII [43]. Therefore, we propose that the
ancestral form of CHS Classes IV/V/VII had a Myosin domain
ancestral in Opisthokonta.

We also found that ichthysoporeans have CHS from both
Division | and Division Il clades. Ichthyosporeans homologs
from Division | form a new clade with various eukaryotic
sequences, that include diatoms, choanoflagellates and
amoebozoans (Figure 2 and Figure SX CHStree), revealing
that it is also an ancestral class within eukaryotes.
Ichthyosporean Division 1l CHS homologs belong to the
Metazoan class, which is also present in other unicellular
holozoans, apusozoans and amoebozoans while it was
secondarily lost in fungi. Finally, fungal class I/lI/lll is found in
several bikonts, including oomycetes and chlorophytes,
suggesting an ancestral origin and secondary loss in holozoa.
In summary, at least 4 ancestral lineages of structurally
different CHS were found in the Last Opisthokont Common
Ancestor (LOCA), and secondary loss was common in
descendant lineages.

The presence of a complex CHS repertoire in the ancestor of
all opisthokonta and the retention of rich CHS repertoires in the
cell-walled lineages suggests that the presence of chitin in the
cell wall was an ancestral feature and not a synapomorphy of

fungi [8, 44].
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The opisthokonta phylogenetic framework with all known
protistan lineages

Sequencing the transcriptome of more than 10 opisthokont
protists allowed us to reassess their phylogenetic relationships
only a couple of years after our last study [14]. Moreover, it
opened the doors to large-scale comparative genomic studies.
Our transcriptome information from several unicellular
opisthokonts already shed light on how basic gene families in
fungi and animals evolved. Here we presented case examples
for the CHS and the flagellar toolkit, but previous reports
revealed complex repertoires of multicellularity related genes
in some of those lineages, including Transcription Factors and
Tyrosine Kinases [48, 49]. The wealth of these data will
provide a less biased representation of genomic information
[10, 50], which is not only severely required to understand the
basic biology of each species but also to have a broad
spectrum of molecular data to investigate the diversification of
opisthokonts, the origins of multicellularity in animals or the
independent adaptations to parasitism in this eukaryotic
supergroup [22, 23, 51].

Overall we propose that the earliest splitting clade within
holozoa comprises C. limacisporum and Ichthyosporea
(Teretosporea). This has important evolutionary implications,
as the clade presents shared features, such as an osmotrophic
feeding mode, cell wall and a similar life cycle. Interestingly
those characters present similarities with fungi, which evolved
independently. Fungi and Teretosporea show diversity of
overlapping lifestyles, ranging from saprotrophic to parasitic
(animal-dwelling) species. Therefore their similar adaptations
represent a pattern of convergent evolution, which is not rare
in eukaryotes. Similar adaptations are found in stramenopiles
such oomycetes and thraustochytrids [52-54]. The data
generated in this study will allow new avenues to identify the
trends and patterns regarding molecular adaptations to
saprotrophy and to parasitism in distantly related eukaryotes.

Experimental Procedures

The Supplemental Information details complete experimental
procedures. In summary, total RNA was obtained from 11
species using a Trizol reagents and DNAse treatment. Purified
RNA samples were sent to Beijing Genome Institute, where
100 basepair paried-end cDNA libraries for lllumina HiSeq
2000 were sequenced (see RNAseq in Supplemental
Experimental Procedures). Moreover newly sequenced
transcriptomes of Ministeria vibrans ATCC 50519 and
Amoebidium parasiticum JAP-7-2 were obtained from Origins
of Multicellularity Database supported by the Broad Institute
(http://www.broadinstitute.org/annotation/genome/
multicellularity project).

All transcriptomes were assembled using de Trinity de novo
assembly pipeline [55], and further translated to 6 frames. The
phylogenomic dataset based on conserved Single Copy
Protein Domains [14] was updated with new data from
assembled transcriptomes and published genome sequences
[8, 19, 25, 45, 47] (see Dataset preparation and Table S1 in
Supplemental Experimental Procedures). Using in-home
scripts based on tBLASTn and BLASTp followed by manual
inspection of single domain trees obtained by RaXML we
obtained the hits for each species, which were aligned using
MAFFT [56] and trimmed with BMGE [57] to obtain a
concatenated supermatrix (dataset S83) covering 83 taxa and
18218 amino acids. Appropriate evolutionary model was
selected using ProtTest [58], LINKAR PROTEST AMB RAXML,
no? which retrieved LG model + I™ distribution. Thus Maximum
likelihood trees were performed using Le and Gascuel (LG)

model + I distribution with four rate categories and invariant
sites (LG+l+G) with RAXML [59]. Statistical support was
computed with 200 non-parametric bootstrap replicates.
Alternative splits for the key phylogenetic questions were
performed using AU test [60]. Bayesian analyses were
performed with Phylobayes [61] under CAT-Poisson model. We
assembled the second dataset excluding the longest branches
from each alignment (dataset S70, see Table S1) and
reassembling the matrix retaining ~4,000 more amino acid
positions. The same phylogenetic methods were applied.

Accession Numbers

All new sequence data used in this study include SRA for Pirum
gemmata, Abeoforma whisleri, Corallochytrium limacisporum India
and Hawaii strain, Sphaerothecum destruens, Ichthyophonus hoferi,
Nutomonas longa CCAP 1985/5 and Nuclearia sp. ATCC 50694.

Supplemental Information
Supplemental Information includes 2 figures, 4 tables, Supplemental
Experimental Procedures can be found with this article online.
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Supplemental Figures and Tables

Figure S1, related to Figure 2. Flagellum-like stalk in Ministeria vibrans. Confocal microscopy showing
Ministeria vibrans ATCC 50519 stained with DAPI and beta-tubulin antibody (Antimouse Alexa 514, Life
Technologies A-31555). M. vibrans grows feeding on bacteria, which can be seen as the DAPI staining
outside the cell body. Scale-bar 5 pm.
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Supplemental Experimental Procedures

RNAseq

Cultures for distinct species were kept in specific media and temperature conditions. Typically they were
grown in 75 cm? culture flasks with 25mL of total volume. Ichthyophonida (Pirum gemmata, Abeoforma
whisleri [1]) and two Corallochytrium strains (sampled in Kavaratti island as the original isolation [2], and
in Kane‘ohe Bay Hawaii in October 2011) grew for one to two weeks with marine broth medium.
Ichthyophonus hoferi (USA and Valéncia) Sphaerothecum destruens (Paley UK) from fathead minnow in
UK Planomonas carolina CCAP 1958/5 (a.k.a. Nutomonas longa [3]) was grown in mineral water with
bacteria provided in the acquired culture with 2 grains of cereal grass to feed bacteria. Nuclearia sp.
ATCC 50694 was grown using ATCC Medium 802 bacterized with Klebsiella pneumoniae subsp.
pneumoniae (ATTC 700831).

Total RNA was extracted from dense cultures with standard protocol of TRIzol (Ambion), precipitated
with etOH, incubated with DNAse | (Roche) and purified with RNeasy mini Kit (Quiagen). Quantification
was performed with Nanodrop (Thermo Scientific) and quality assessment with Bioanalyzer (Agilent
Technologies, Inc). Valid samples had = 10ug of total RNA, 2200ng/ul, OD260/280 = 1.8~2.2, RNA 28S:
18S > 1.0, RIN = 7.0. For the phagotrophic Nuclearia sp. and Planomonas dense cultures cannot reach
the minimum quantity of total RNA, therefore different samples were combined to reach 100ug as
bacterial RNA contamination was supposed to highly contribute in the samples. Samples were shipped
to Beijin Genome Institute (BGI) for standard de novo mRNA sequencing transcriptome protocol. There,
200bp short-insert libraries were constructed followed by Illumina HiSeq 2000 101 paired-end
sequencing. Raw reads were processed using BGI's automatic pipeline. Contig assembly was performed
with Trinity program [4] and CDS annotation with BLAST against distinct protein databases including
EST.

Ministeria vibrans ATCC 50519 and Amoebidium parasiticum JAP-7-2 RNAseq raw data from Broad
Institute Origins of Multicellularity Database (http://www.broadinstitute.org/annotation/genome/
multicellularity_project/MultiHome.html) were assembled in-house with MIRA 3 program [5].

Dataset preparation

Previously assembled 93 Single Copy Protein Domain (SCPD) dataset [6] was updated with the
broadest possible taxonomic sampling, see Table S1 for details. A total number of 83 taxa were included:
16 Metazoa (7 Bilateria, 4 Cnidaria, 1 Placozoa, 3 Porifera and 1 Ctenophora), 20 Holozoa protists (8
Choanomonada, 2 Filasterea, 8 Ichthyosporea and 2 Corallochytrium), 22 Fungi (6 Dikarya, 1
Glomeromycota, 6 Mucoromycotina, 1 Entomophthoramycotina, 1 Kickxellomycotina, 3
Blastocladiomycota and 4 Chytridiomycota), 6 Holomycota protists (3 Microsporidia, 1
Rozellomycota=Cryptosporidia, and 2 Nucleariids), 2 Apusomonadida, 3 Breviatea, 1 Ancyromonadida, 2
Excavata, 2 Vidiriplantae and 2 Stramenopila. So, a part from the previous taxon sampling [6] and nine
newly sequenced taxa, we included genome data of Mortierella verticillata and Fonticula alba from the
Origins of Multicellularity project (http://www.broadinstitute.org/annotation/genome/
multicellularity_project); draft genome data of Creolimax fragrantissima [7]; transcriptomic data of six
choanoflagellates (described elsewhere); genomes of ten holomycotan species from Mycocosm and
other projects in Joint Genome Institute (http://genome.jgi.doe.gov/programs/fungi/index.jsf);
transcriptomic data of Acropora digitifera (http://www.compagen.org/datasets.html); genome data of
Physarum polycephalum (http://genome.wustl.edu/genomes/detail/physarum-polycephalum/) and
Polysphondylium pallidum (http://genomes.dictybase.org/pallidum/current), Bodo saltans from ncbi and
Naegleria gruberi from JGI; as well as EST data of Breviata anathema [8], Subulatomonas tetraspora [9]
and Manchomonas bermudensis.

We used all 78 SCPDs from Amphimedon, Batrachochytrium, Capsaspora, Nematostella and Xenopus
(comprising all markers with the highest percentage of data possible) to mine new genomes and
transcriptomes in order to comprise well sampled Opisthokonta lineages and its outgroup. Taxon mining
was performed with BLASTp or tBLASTn depending on the data format for each species to include
(predicted proteome or genomel/transcriptome respectively). Thanks to different bioperl modules and
scripts we added the 4 best hits (e-value 10-°, minimum fraction length of 0.2) fusing different hits when
overlapping as we were dealing with SCPDs. The output fasta files were automatically aligned with
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MAFFT v7 [10] L-INS-I with 1000 iterations and trimmed from ambiguously aligned regions with BMGE
(Blossum95) [11].

Phylogenomic studies require semi-automatic pipelines to deal with the big amounts of data and keep
reproducibility. Here we used automatic steps for main processes like sequence retrieval, multiple
alignment, trimming or tree inference. But in between, manual curation was performed. In its basic
sense, it follows the same protocol of a recently published pipeline, which automatize the fundamental
steps in phylogenomic studies with fine details [12]. Particularly for the paralogy or HGT, we inferred
single marker trees with RAXML and 100 rapid bootstrap [13] for each alignment (visualized with
Seaview v4 [14]) and checked suspicious clusterings (for further insights see figures 1 and 2 and main
text in TreSpEx paper [12]). Regarding contamination, as most data is sequenced with next-generation
sequencing, there is a always a chance for cross-contamination between transcriptomes whose mRNA
has been amplified in the same lane. If two sequences had identical sites, the proper one was
established checking the tree. Also, species that grow with bacteria (Nuclearia and Planomonas) have
also a percentage of bacterial sequences. Manual Blast Reverse was performed for specific taxa with
long branches such Microsporidia and Excavata (but due to miss-alignment suspicion, some sequences
were discarded); also extremely divergent sequences can lead to model violations. In case of
uncertainty, sequences were discarded. Once alignments were confidently clean, we automatically
concatenated them using Alvert.py script from the package Barrel-o-Monkeys, as it provides percentage
of present data for each species (see Table S1). This resulted in the main dataset S83 with 18218 amino
acids.

Dataset S70 was prepared from individual alignments with S83 taxon sampling once we excluded Long
Branch taxa such Microsporidia, Excavata, Nutomonas longa, Breviatea, Manchomonas bermudensis or
Mnemiopsis leidyi (see Table S1). Then alignments were realigned as in S83 but trimmed with BMGE
(Blossum 70, more relaxed because alignments were more reliable without Long Branch taxa).
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Table $1. Taxonomic sampling. Presenting the percentage of data for S83 matrix.
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Phylogenetic analyses

Best fitting protein evolutionary model for ML was chosen using Prottest 3 [15], which computes the
likelihoods with PhyML [16] for ML.

Maximum likelood phylogenies were inferred using RAXML [13] under the LG model + I" distribution with
4 discrete categories and invariant sites. Statistical support for the topology was estimated with 200 non-
parametric bootstrap replicates. Bayesian phylogenies were inferred using Phylobayes [17] under the
CAT-Poisson evolutionary model. Due to computational burdens, 2 independent MCMC chains for each
dataset were run for ca. 1500 generations, saving every 10 trees and a burn-in of ~25%. In fact, runs
were stop once convergence thresholds were achieved (basically maximum discrepancy < 0.1 and
minimum effective size > 100 using bpcomp; but see Phylobayes manual for details).

Alternative topology test was performed using Mesquite to provide fixed constrained splits to RAXML (-g
option), for which a best tree was computed. Then all trees likelihood (obtained with -f g option in
RAXML) were input in CONSEL [18] to perform the AU test.

Table S2. Topology test using 9 alternative splits of C. limacisporum within Holozoa. In green
significantly acceptable topologies, in red discarded hypotheses (p<0.05).

13



Phylogenetic Trees Pertaining to Experimental Procedures in newick format

Tree A
Unrooted maximum likelihood phylogenetic tree estimated from the 83-taxa matrix. Best tree was

estimated using RAXML with LG+I+GAMMA model, and statistical support from 200 nonparametric

bootstrap replicates.
Tree A=
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Tree B

Unrooted Bayesian phylogenetic tree estimated from the 83-taxa matrix. Consensus tree was estimated
from two MCMC chains with CAT Poisson model run for 1,500 generations, saving every 10 trees and
after a burnin of 25%.

Tree B = The same as in figure 1

Tree C

Unrooted maximum likelihood phylogenetic tree estimated from the 70-taxa matrix. Best tree was
estimated using RAXML with LG+GAMMA model, and statistical support from 200 nonparametric
bootstrap replicates.

Tree C =
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Tree D
Unrooted Bayesian phylogenetic tree estimated from the 70-taxa matrix. Consensus tree was estimated
from two MCMC chains with CAT Poisson model run for 1500 generations, saving every 10 trees and

after a burnin of 25%.
Tree D =
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Gene family analyses

Identification of the flagellar toolkit genes was obtained using Best Reverse Blast Hit using Homo
sapiens aminoacid sequences as queries. Best Reverse Blast retrieved a primary list of flagellar genes
for each species, which were further filtered through manually inspecting multi-species alignments with
MAFFT L-ins-lI algorithm and performing RAXML trees (Table S3 Flagellum toolkit). For multigene
families we performed HMMER 3.0 [19] searches against proteomes and 6 frame translations of the
query transcriptomes using PFAM seed alignments. Multigene families analysed in this study include
Kinesins (PF00225), Dynein Heavy Chains, Dynein Intermediate Chains, Dynein Light Chains
(PF01221), Dynein Light Intermediate Chains (PF05783), Tubulins (PF00091) and Chitin synthases |
(PF01644) and Chitin synthases Il (PF03142). To gather putative fragmentary hits due to transcriptome
miss-assembly we performed an additional search step using tBlastn. The hits obtained through the
previous methods were aligned with MAFFT L-ins-lI algorithm and trimmed manually. Phylogenetic
inference was performed with RAXML using LG model and gamma distribution, while statistical support
was computed with 100 bootstraps. Phylogenetic trees were validated against previously published
topologies [20, 21]. Chitin synthases alignment restricted to the CHS domain and phylogenetic inference
was also obtained with PhyloBayes, using two chains and sampling every 100 generations, stopping the
process when the two chains converged (maxdiff < 0.3). Bayesian posterior probabilities (BPPs) were
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used for assessing the statistical support of each bipartition. All the original alignments and trees are
available upon request.

Table S4. Chitin synthase conserved motifs. Refered to [22]

Immunostaining

For both S. rosetta and C. owczarzaki, cells were fixed for 5min with 6% acetone and for 15minwith 4%
formaldehyde. The coverslips were washed gently four times with 100mM Pipes at pH 6.9, 1mM EGTA,
and 0.1mM MgS0O4 (PEM), incubated for 30min in blocking solution (PEM+:1%BSA, 0.3% Triton X-100),
1h in primary antibodies solution (in PEM+), and after further washes (PEM+), 1h in the dark with
fluorescent secondary antibodies (1:100 in PEM+,Alexa Fluor 488 goat anti-mouse, and Alexa Fluor 568
goat anti- rabbit; Invitrogen) and washed again four times (PEM). To visualize F-actin coverslips were
incubated for 15min in the dark with rhodamine phallidin (6 U/ml in PEM; Molecular Probes). After 3
washes (PEM), coverslips were mounted onto slides with Fluorescent Mounting Media (4mL; Prolong
Gold Antifade, Invitrogen). The following primary antibodies have been used: mouse monoclonal
antibody against b-tubulin (E7, 1:400; Developmental Studies Hybridoma Bank); mouse monoclonal
antibody against Fascin (ab78487, 1:100; Abcam). Images were taken with a 100? oil immersion
objective on an inverted Leica microscope
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Table S3, related to figure 2. Flagellar toolkit.
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4. DISCUSSION

Kaneda: what the hell is this Akira?

Kei: All | know is what Roy said. He said Akira has achieved ultimate energy.

Kaneda: ultimate energy?

Kei: A human being, you know, achieves a whole lot of things in a lifetime, right? Like
discovering and making things like houses, motorbikes, bridges, towns, rockets... Where
does that tremendous knowledge and energy come from?

Kaneda: mm-um. (Puts his hands in the air)

Kei: After all, humans descend from monkeys, right? And before that, like reptiles and
fish. And even before that, plankton and amoebas. Creatures like those have incredible
amounts of energy inside.

Kaneda: Well. I, uh, that’s evolution. It's in the genes right?

[...]

Kei: And what if everyone shares those ancient memories, what if there were some
mistakes in the progression. Then something goes wrong like an amoeba is suddenly
given the higher powers than a human has.

Kaneda: What? Is that what Akira is?

Kei: Amoeba’s don’t make motorcycles and atomic bombs! They only eat up anything that
happens into their way.

Akira 1988

95



96



4.1 Evaluation of phylogenomic methods to infer ancient

speciation events

Classical morphological datasets, single gene trees, and, probably, rare genomic changes
are not suitable to analyze deep eukaryotic phylogenetic nodes (section 1.4). A clear
example of the latest is stated with the reanalysis of the presence of the AAR gene across
the Opisthokonta, a proposed synapomorphy between fungi and the enigmatic protist
Corallochytrium limacisporum (section 1.2.4) presented in section 3.1 R1. The
taxonomic sampling of the original study (Sumathi et al. 2006) missed members from
several holozoan lineages. Thus, when representatives from the Filasterea, Ichthyosporea
and Choanoflagellata were included, the story changed completely (Torruella et al. 2009).
All sampled holozoan lineages possess the gene; therefore the gene was at least present
in the Last Opisthokonta Common Ancestor (LOCA), and lost in animals. Moreover, the
wider study on distinct genes of the pathway showed patchy distributed gene trees that

could be examples of hidden paralogy or HGT.

In order to properly establish a robust phylogenetic backbone of Opisthokonta,
phylogenomics methods were used with the new genome data generated through the
UNICORN project (Ruiz-Trillo et al. 2007). In particular, we developed a new dataset
based on Single Copy Protein Domains, rather than full proteins (section 3.2 R2).
(Torruella et al. 2012) The aim was to minimize orthology assignment problems related to
deep speciation events, while maximizing the taxon occupancy and symmetry. Most
interestingly, the dataset was composed of independent markers compared to the majority
of previous studies addressing similar issues. This novel dataset was thoroughly tested to
overcome systematic errors. Among the different methodologies, we found that using CAT
evolutionary model (Lartillot and Philippe 2004) and removing distant outgroups were
indeed very useful, because it diminished the saturation and probably other sources of
systematic error such as compositional heterogeneity. Similarly, excluding the most
variable sites as classified by the gamma category (a proxy to exclude the fastest evolving
sites) or recoding amino acids into functional categories should also minimize all these
problems (Rodriguez-Ezpeleta, Brinkmann, Roure, et al. 2007) but in our case they had
no clear impact. Other strategies to minimize systematic error in Maximum Likelihood,
such as using distinct evolutionary models, partitioning the data or excluding taxa with
substantial percentages of missing data, had no influence at all on the resulting

topologies.
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As taxonomic sampling seemed to clearly influence Opisthokonta phylogeny, our next
step was to dedicate our efforts to dramatically increase the genomic information available
for the opisthokonts. Thus, we obtained RNAseq from 10 novel opisthokont taxa and
included as well new taxa obtained by other authors, while substituting most EST-based
taxa for more complete transcriptomic and genomic data. Our latest phylogenomic
analysis (section 3.3 R3) provides a more robust phylogenetic framework for
Opisthokonta (Figure 16) that allows us to infer evolutionary hypotheses. This analysis
confirms that Choanomonada is sister to Metazoa and corroborates its internal
relationships (Nitsche et al. 2011). The Ichthyosporea and Filasterea are clearly
independent lineages, and therefore the Filozoa hypothesis is confirmed (Shalchian-
Tabrizi et al. 2008). Finally, and although not strongly supported, the enigmatic C.
limacisporum appears as sister group to the Ichthyosporea (together as the earliest
branching holozoan lineage). Within Ichthyophonida, the paraphyly between APCT and
spherical groups proposed by SSU rDNA is confirmed (Glockling et al. 2013) (see also
Figure 18).

Within the Holomycota, Nucleariids are shown to be the earliest branching lineage
followed by Opisthosporida (only represented by Rozella and Microsporidia) and “fungi”.
The Opisthosporidia still needs phylogenomic validation by including Aphelida
representatives, as some ribosomal trees show paraphyly between Aphelida and
Cryptomycota (Karpov, Mamkaeva, Benzerara, et al. 2014). As mentioned in section
1.2.6, both Aphelida and Cryptomycota/Rozellida groups are very similar in terms of
morphology and life cycle, although further studies are needed in ultrastructure and
molecular comparison to understand if these similarities are true. Within traditional “fungi”,
Chytridiomycota and Blastocladiomycota are mostly recovered as paraphyletic although
the branching order is still not clear.

Finally, regarding the outgroup, our analysis confirm Apusomonadida and Breviatea as
paraphyletic (Brown et al. 2013), with clear evolutionary implications (see section 4.2.1).
More interestingly, Ancyromonadida does not branch with Apusomonadida, where they

have been traditionally placed (Gliicksman et al. 2013; Paps et al. 2013).
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Classifications based on morphology, molecular synapomorphies or SSU rDNA:

- C. owczarzaki as Nuclearia (Owczarzak et al. 1980)

- C. limacisporum as Thraustochytrid (Raghu-Kumar et al. 1987)

- Amoebidiales & Eccrinales as Trichomycetes (Lichtwardt et al. 2001)

- Aphelida as Ichthyosporea (Adl et al. 2005)

- Nuclearia as Filosea (Patterson 1983, 1999)

- Apusomonadida and Ancyromonadida as Apusozoa (Cavalier-Smith et al. 2008)

- M. vibrans & C. limacisporum as incertae sedis Holozoa (Cavalier-smith and Chao 2003)

Classification based on phylogenomics:

other eukaryotes
Excavata

Ancyromonadida
Amoebozoa

Breviatea
Apusomonadida

Metazoa

Craspedida
Stephanoecidae Choanomonada
Acanthoecidae

C. owczarzaki

L M. vibre Filasterea
[ | Ichthyophonida
il Dermocystida  Ichthyosporea
C. limacisporum
Holozoa
| | Holomycota
Nuclearia -
_l Fonticula alba puseaal
R. allomycis
Bl _— Aphelida Opisthosporidia
"""" L Microsporidia
Chytridiomycota ehtric RingT

Blastocladiomycota

L ——  other fungi

Figure 16. Some examples of original classifications for distinct opistocont protists based on morphology,
molecular synapomorphies or SSU rDNA (top) the state-of-the-art classification based on phylogenomics
(bottom).
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4.2 Evolutionary Hypotheses on the Opisthokonta

The phylogenetic framework generated in this PhD thesis, together with the amount of
biological knowledge collected during the past few years (Figure 16), allows us to infer
some evolutionary hypotheses. An important observation derived from the branching
order is how morphologically different are some of the sister lineages within the
Opisthokonta. In contrast, such difference is not observed among the more ancestral
biflagellated outgroups (Beviatea and Apusomonadida), probably due to lifestyle
constrains (Cavalier-Smith 2013). Another interesting fact is the similarity observed
between some holozoan and holomycotan lineages. Thus, the holozoan filastereans
resemble much more in terms of morphology and lifestyle to the holomycotan nucleariids
than to the rest of holozoans (section 4.2.3.1). Moreover, the holozoan ichthyosporeans
and Corallochytrium share many similarities with the holomycotan chytrid fungi (or even

other osmotrophic eukaryotes such as the oomycetes) (section 4.2.3.1).

4.2.1 Reconstructing the ancestral character states

Reconstruction of the ancestral character states for each lineage may provide additional
information regarding the evolution of morphological characters and lifestyles within the
Opisthokonta. The thing is that if we want to infer how the Last Opisthokonta Common
Ancestor (LOCA) was, we can not just compare its closest outgroup (i.e.,
Apusomonadida) and the earliest branching Holozoa or Holomycota lineage
(Ichthyosporea or Nucleariids, respectively), but we need to infer ancestral states for all
distinct Opisthokonta lineages, as well as in the distinct outgroups (section 1.3):
Apusomonadida, Breviatea, even Amoebozoa and further back if possible (Cavalier-Smith
2013), tracing back the very root of eukaryotes (although the latter is out of the scope of

this work).

Regarding the outgroups, both Apusomonadida (Cavalier-Smith and Chao 2010) and
Breviatea (Brown et al. 2013) are small amoeboid phagotrophic lineages with two flagella
(one for gliding motility and the other for feeding), and a more or less complex
microtubular cytoskeleton (Walker et al. 2006; Heiss et al. 2011; Brown et al. 2013; Heiss
et al. 2013) associated with a specific ventral feeding mode on benthonic areas or
surfaces (section 1.3). These amoeboid cells are complex and versatile, in the sense that
the same individual cell expresses flagellar structures, or filopodia; distinct cell shapes
that can be remodelled several times according to environmental needs until the cell
divides. However, the knowledge on the complete life cycles of these organisms is limited.

Although breviates are specialized in microaerophylic environments it seems both
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paraphyletic lineages may come from marine benthic bacteriophagous ancestors as SSU

rDNA phylogenies suggest (see Figure 20).

The distinct choanoflagellate lineages so far described (section 1.2.1) are quite similar
in their basic bauplan and lifestyle. In particular, the Acanthoecidae share the siliceous
lorica with the Stephanoecidae, but a life cycle comprising a sedentary vegetative stage
and a swimmer dispersal stage with the Craspedida. Thanks to a solid phylogenetic
backbone (Nitsche et al. 2011; section R3) and comparative studies (Leadbeater 2008), it
seems clear that choanoflagellates were ancestrally small marine sedentary suspension
filter feeders similar to current craspedids (although migration to fresh-water and
reversions may have happened multiple times) (Carr et al. 2008). The ancestral
choanoflagellate probably had no siliceous lorica, which is likely a secondary acquisition
of the Acanthoecida through HGT from diatom silicon transporters (Marron et al. 2013).
The lorica allowed successful diversification in pelagic marine environments where
Stephanoecidae have few competitors (Leadbeater 2008). It is more parsimonious as well
to infer that the organic theca was ancestral to the group, with multiple secondary losses
(Nitsche et al. 2011). Similarly, the ancestral choanoflagellate probably had already a
complex and dynamic life cycle (Dayel et al. 2011) with swimmer, feeder, gamete, clonal
colonial cell types (Fairclough et al. 2013). Thus, the non-loricate bauplan of the
Craspedida with an organic theca and a complex life cycle is most likely the ancestral

choanoflagellate form (Figure 17).

The Filasterea (section 1.2.2) are especially difficult to discuss in terms of ancestry, as
only two or three species (two genera, in any case) have so far been described. Both are
small naked filose amoeba. Ministeria vibrans is a marine phagotrophic benthic
bacterivore, while Capsaspora owczarzaki is a fresh-water phagotroph with no clear
ecological nature. We have also shown that M. vibrans has a stalk-like flagellum (Figure 2
in (Cavalier-Smith and Chao 2003)), which probably is ancestral given that the flagellar
machinery is conserved across all eukaryotes (Carvalho-Santos et al. 2011) (section 3.3
R3). If M. vibrans is solely static, it may represent a similar form of lifestyle as in
choanoflagellates: suspension filter feeders (Cavalier-Smith 2013), but using distinct
molecular structures as stalks (choanoflagellate stalks are not flagellar-structures) (Figure
17). Indeed, both filastereans have filopodia-based crawling motility, similar to the
choanoflagellate Salpingoeca rosetta, which uses filopodia to attach to substratum before
creating the theca and stalk (Dayel et al. 2011). The aggregative behaviour and dormant
cystic stages of C. owczarzaki has not been described in M. vibrans, so we cannot
distinguish whether those characters are ancestral or not, or if they are homologous to
other holozoans. Thus, the ancestral filasterean was probably a filopodiated amoeba with

some sort of derived flagellum.
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The earliest branching lineage of Holozoa is composed of Corallochytrium plus
Ichthyosporea (sections 1.2.3 and 1.2.4). Within Ichthyophonida (the ichthyosporean
amoeboid family), the paraphyly of the APCT and the “spherical” groups (Figure 18) leads
to treat their shared traits as ancestral. Abeoforma, Pirum, Creolimax and Sphaeroforma
are all marine spherical schizonts with no clear parasitic nature (Glockling et al. 2013). In
contrast, Psorospermium, Ichthyophonus, Amoebidiales and Eccrinales have more
complex shapes (i.e., polarized growth), probably as a result of their host-dependent
lifestyle. Within Dermocystida (the ichthyosporean flagellated family), Sphaerothecum
destruens seems to be the earliest divergent lineage (Vilela and Mendoza 2012). It is
indeed the phylotype with large host-range, clear flagellated stage and the smaller
schizonts of the whole group. It has a rosette-shaped colonial form that reminds to the
ones in Corallochytrium limacisporum. Positioned as sister to the Ichthyosporea, C.
limacisporum looks like the missing link between both families, since it is a small marine

free-living walled schizont with both flagellated and amoeboid forms (section 3.3 R3).
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Figure 17.Filozoa ancestral character states. Their Last Common Ancestor probably had a single flagellum
(green) and filopodia (red).
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Figure 18. Osmotroph holozoans ancestral character states. Their Last Common Ancestor probably had a single
flagellum but no filopodia. It was already osmotroph surrounded by a cell wall (blue) and had coenocytic growth.
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Within the Holomycota, the data suggest the ancestral nucleariid (section 1.2.5) was a
fresh-water non-flagellated, naked filose amoeba, probably of smaller size than current
Nuclearia species, which are much bigger than Fonticula alba and other Opisthokonta
protists. In fact, a recent finding of an uncharacterized fresh-water bacterivorous Nuclearia
sp. (~5 ym) that is positioned between F. alba lineage and canonical Nuclearia clade
supports this hypothesis on nucleariid ancestral morphology (Figure 19). The aggregative
multicellular fruiting body of F. alba probably arose independently to any other aggregative
behaviour in Opisthokonta. Regarding the Opisthosporidia clade (Karpov, Mamkaeva,
Aleoshin, et al. 2014) (section 1.2.6), Microsporidia are clearly highly derived parasites. It
is the naked phagotrophic vegetative stage and life cycle of the parasitic aphelids and
Rozella that could be considered the ancestral state to this lineage. Indeed, there are
flagellates, amoeboflagellates and even podiated amoebae aphelids. This means that
among the aphelids, most of the key ancestral characteristics of Opisthokonta are still

present (Corsaro et al. 2014; Karpov, Mamkaeva, Aleoshin, et al. 2014).
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Figure 19. Holomycota ancestral character states. Their Last Common Ancestor probably was a phagotrophic
amoeboflagellate. Flagellum (green), filopodia (red) and osmotrophy (dashed blue).
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4.2.2 Reconstructing the Last Opisthokont Common Ancestor (LOCA)
If one looks to the reconstructed ancestors of Apusomonadida and Breviatea (Figure 20),
and the reconstructed ancestor of each Opisthokonta lineage (Figures 17, 18 and 19), no
clear link between them points to how Opisthokonta originated and diversified. However,
some facts are worth considering. LOCA was probably a marine benthonic phagotroph
since the ancestor of both Holozoa and Holomycota was probably marine. Most likely it
was an amoeboflagellate with already one flagellum as no Opisthokonta lineage
presents more than one cilium. Whether the ancestral flagellar structure was similar to
any of the extant lineages is unclear. Ultrastructural similarities between flagellated stages
in chytrids and Dermocystida (i.e., rumpusome organization) (Pekkarinen et al. 2003;
Letcher and Powell 2014) must be further explored. Also, comparative studies of the
microtubular  cytoskeletons in  Opisthosporidia,  Ministeria  vibrans  and
Choanoflagellates may provide transitional forms or links from biflagellated ancestors.
This is important, since Apusomonadida and Breviatea have more “rigid” or organized
microtubular cytoskeletons (Yubuki and Leander 2013; Azimzadeh 2014), and it is
proposed to be highly adaptive for specific lifestyles. Indeed, Cavalier-Smith sustains that
the lost of ventral feeding mode, allowed the Opisthokonta to feed differently and therefore
diversify morphologically (Cavalier-Smith 2013; Cavalier-Smith et al. 2014). Each
Opisthokonta lineage is particularly different from one another, but most of them show
rather complex life cycles, with multiple cell types (at least five in choanoflagellates
(Dayel et al. 2011), three in Capsaspora owczarzaki (Sebé-Pedrés et al. 2013), five in
Aphelida (Karpov, Mamkaeva, Benzerara, et al. 2014), etc.). Each of this cell types has
specific functions already present in the LOCA; such feeding, dispersion, resistance or
reproduction (already studied in the blastocladiomycetes Allomyces macrogynus
(Pommerville 1982) and the choanoflagellate Salpingoeca rosetta (Levin and King 2013)).
These cell types are usually connected in the cell cycle by cell division or directional
transformation, in contrast to biflagellated ancestors, in which it seems that a single
individual cell performs most functions modifying its behaviour. Such complex life cycles
must be compared once the outgroup lineages are better understood. However, under our
current understanding, it seems plausible that LOCA already had multiple cell types and
had a more complex life cycle than its biflagellated ancestors. Another putative innovation
is that all Opisthokonta lineages contain at least one species with pluricellularity or
colonialism (but see (Walker et al. 2006)). Fonticula alba (Nucleariids) and Capsaspora
owczarzaki (Filasterea) perform aggregative stages during their life cycle, and
Corallochytrium plus Ichthyosporea, together with Opisthosporidia and chytrid fungi have
coenocytic growth (multiple nuclei for the same cytoplasm). Finally, some

choanoflagellates form clonal colonies by avoiding complete cell division (section 1.2).
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Figure 20. Summary of opisthokonta phylogeny and evolutionary important characters. SW and FW means sea
and fresh water; F: free living; P: parasitic; C: clonal; A: aggregative. ?: there is data but not conclusive. All dots
mean presence of the character, except in feeding mode: dashed, empty circles mean osmotrophy/saprotrophy;
filled dots mean phagotrophy.

To fully reconstruct these evolutionary transitions it is also important to understand the
environment or ecosystems where the distinct opisthokonts inhabit. Not only the current
habitats are important, but any paleobiology data may be relevant (Knoll 2014).
Unfortunately, paleogeological and paleoclimate data is limited and too generalist for the
time range of Opisthokonta diversification. No fossils have been found for amorphean
protists, besides a >700 million year old testate Amoebozoa (Porter et al. 2003).
Regarding molecular clocks, a recent study (Eme et al. 2014) considered Opisthokonta
the youngest eukaryotic supergroup (between 904 and 1579 Ma, in the late
Mesoproterozoic or during Neoproterozoic eras). The lack of proper calibration points and
precision for existing models lead the authors to advise that any data about this may be
taken with caution. Indeed, as no hard body parts exist for Opisthokonta protists,
researchers will have to look into molecular fossils or biomarkers (biochemical traces in
fossilized soils), for example sterols which are found only in current sponges, but not in M.
brevicollis (choanoflagellate) (Kodner et al. 2008). This means that Opisthokonta protist

lipids or any other exclusive molecules must be analysed for each lineage to improve the
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quality of molecular clock studies. Additionally, some authors propose that molecular
phylogenies may provide hints to infer ancient macroevolutionary events (Pagel 1999;
Fritz et al. 2013). Although sampling biases are assumed (e.g., no fossil record,
undersampled extant diversity) the tree-shape (iree balance, diversification rates or
branch-lengths) may indicate potential paleobiological events such as mass extinctions,

fast diversifications or periods of stasis (Mooers and Heard 1997).

4.2.3 Convergent evolution within Opisthokonta

Finally, as mentioned at the beginning of this discussion, certain similarities observed
between non-related holozoan and holomycotan lineages exist, and they are worth
studying in the near future to fully understand early opisthokont evolution and

diversification.

Osmotrophic opisthokonts

Both chytrids and Corallochytrium plus Ichthyosporea have a very specific feeding mode:
they are saprotrophic/osmotrophic. Instead of ingesting through phagocytosis, they
externally digest food — in the form of simple amino acids, fatty acids and disaccharides —
to absorb it through specific transporters, similarly to other eukaryotes such as fungi or
oomycetes do (Richards and Talbot 2013). Then, it is no surprising that Corallochytrium
and many Ichthyosporea (e.g., Amoebidiales and Eccrinales) were originally classified as
filamentous fungi (within thraustochytrids and trichomycetes, respectively) (Raghu-Kumar
et al. 1987; Cafaro 2005) based solely on their morphology. Indeed, osmotrophic
organisms seem to require specific bauplans (Olejarz and Nowak 2014). In our particular
case, both chytrid fungi and osmotrophic holozoans have big coenocytic spherical
protoplasms surrounded by chitinous cell walls and special stage for aquatic dispersion:
small amoeboflagellated, flagellated or amoeboid (Hoffman et al. 2008). Whether the
osmotrophic-specific features are homologous or not require thorough comparative
studies, but most probably they evolved independently from phagotrophic ancestors, as
such characters are adaptive for the same lifestyle. A spherical shape allows better
absorption of digested nutrients. Also, cell walls are fundamental to get proper isolation or
permeability from the environment (Pacheco-Arjona and Ramirez-Prado 2014). In section
3.3 R3, there is a putative example of parallel evolution for cell walls in fungi,
Corallochytrium and Ichthyophonids. Chitin synthases, the key enzymes for chitin
production in fungi, are present and diversified in both Holozoan lineages. Another
important feature for any osmotroph is the transporter machinery and metabolism, which
in the case of both groups probably evolved independently, maybe even through HGT.
Thus, further comparative genomics analyses will be key to elucidate the origin of both

lineages and the key aspects of the transition from phagotrophy to osmotrophy as well.
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The naked filose amoebae

Morphological studies also artificially grouped some amoeboid opisthokonts. The
filasterean C. owczarzaki (section 1.2.2) was originally classified as a Nuclearia due to
morphological similarities (Stibbs and Owczarzak 1979), an even Nuclearia (section
1.2.5) were classified with other filose amoeboid eukaryotes (Patterson 1984). Some
authors argued for distinct specific filopodia structures (e.g., branched or not) between
Nuclearia and Filasterea (Shalchian-Tabrizi et al. 2008), but with our observations we
conclude that both are branched and of undistinguishable size (see Figures 5 and 9). The
main differences are that Nuclearia are dozens of microns big and feed from
cyanobacteria, whereas Filasterea are about 3-5 pm bacteriophagous. It is worth
mentioning that in the lab, we recently managed to grow C. owczarzaki from Klebsiella
pneumoniae which suggest that this amoeba, originally isolated from the haemolymph of
a snail, might be free-living or have a free-living stage, in agreement with a study in which
multiple protists were found within the same snail (Hertel et al. 2004). Interestingly, the
recent finding of a smaller uncharacterized Nuclearia sp. (Figure 19) with no clear
physical differences between Filasterea indicates a putative convergent evolution between
these two lineages, or at least parallel evolution, since their last common ancestor may
have already been a naked filose phagotrophic amoeba. The presence of a flagellum-like
structure in M. vibrans supports this idea (section 3.3 R3), since LOCA was likely
flagellated. For now, clear differences in transcription factor and tyrosine kinase content
between Nucleariids and Filasterea (de Mendoza et al. 2013; Suga et al. 2014) clearly
points to this convergent evolutionary landscape. Thus, again, we have very similar
morphologies and even lifestyles that appear in two different parts of the opisthokont tree.
The question here is whether they use the same molecular toolkits or gene regulation,
meaning an ancestral trait, or simply the benthic lifestyle analogously shaped these

amoebae.
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5. CONCLUSIONS

The taxonomist nightmare is the evolutionist delight.

Unknown

The fragments of the natural method are to be diligently sought out. This is the first and
last desideratum in botanical study. Nature does not make leaps. All plants show affinities

on either side, like territories in a geographical map.

Linné, aphorism 77 of his Philosophia Botanica, 1751.
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The main conclusions of the present work are the following:

1. Morphological data, molecular synapomorphies and rare genomic changes (e.g., gene
fusions, miRNA, metabolic and biochemical pathways, etc.) are not proper phylogenetic
markers to resolve deep phylogenetic questions, as they must ultimately be confirmed

with phylogenomics.

2. Phylogenomic studies using concatenated data sets are not free of biases. Proper
studies must involve parallel analyses of most complex evolutionary models to minimize
systematic error (e.g., using proper outgroups or excluding data violating the models). In
particular, Single Copy Protein Domain markers provide an independent source of

phylogenetic data to classical data sets.

3. de novo RNAseq is a valid approach to increase taxonomic sampling to infer

phylogenetic relationships, in this regard we also conclude that:

- Apusomonadida, and not Amoebozoa, is the sister group to the Opisthokonta.

Also, Ancyromonadida is not closely related to Apusomonadida or Opisthokonta.

- Filasterea and Ichthyosporea are not monophyletic, and Corallochytrium
limacisporum is more likely the sister group to the Ichthyosporea and together the earliest

branching lineage among the Holozoa.

4. RNAseq data also provides valuable information to explore comparative genomics,

such:

- the presence of cryptic flagellum-like structures in Corallochytrium limacisporum

and Ministeria vibrans, putative examples of progressive lose of the cilium.

- the repertoire of Chytin Synthases in opisthokonts and the diversification in each

osmotrophic lineage.
5. Strong similarities in morphology and lifestyle in independent opisthokont lineages:

Filasterea and Nucleariids; or chytrid fungi and Corallochytrium plus Ichthyosporea are

examples of parallel evolution or convergence.
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7. Resum en catala

INTRODUCCIO

1.1 Perspectiva historica de la taxonomia dels protistes

Des de temps antics els humans hem necessitat entendre i estudiar els organismes vius
per sobreviure. Intrinsecament necessitem classificar el coneixement per estructurar-lo i
comunicar-nos. En el cas dels éssers vius les classificacions han depengut al llarg de la
historia de la cosmogonia del moment. Civilitzacions antigues com la xinesa o I'egipcia
classificaven les plantes medicinals, perd grecs i romans va establir classificacions
basades en creences religioses com l'escala de la natura aristotélica. No va ser fins al
segle XVIII que Linné va establir una classificacio biologica de les espécies, i fins la teoria
de I'evoluci6 al XIX no es va comencar a classificar amb I'Unica finalitat de reconstruir
I’historia evolutiva de les espécies, representades en diagrames d’arbre o xarxes.

Gracies a la invencio de la microscopia i el descobriment de la cel-lula dos segles abans,
les classificacions evolutives, com la de Haeckel, contemplaven espécies unicel-lulars. De
fet al segle XIX és quan es van comencar a descriure forga grups taxonomics involucrats
en aquest treball. Aleshores les classificacions estaven limitades a comparar pocs trets
morfologics. Fins els avengos en microscopia electronica al segle XX no es va poder
descriure les espécies de protistes amb detall, a nivell subcel-lular. A més, I'estudi de
I’evolucié i la seqlienciacié molecular van permetre la comparacié de milers de posicions
nucleotidiques per agrupar objectivament les espécies per parentiu evolutiu. Es I'exemple
de la subunitat petita de I’'ARN ribosomal (18S), el marcador filogenetic més emprat en la
historia de la filogénia i que va modernitzar la classificacié dels éssers vius unicel-lulars
en sis supergrups: Amoebozoa, Excavata, Archaeplastida, Rhizaria, Chromalveolata i
Opisthokonta.

1.2 Qui sén els opistoconts?

Els opistoconts sén el llinatge evolutiu que conté fongs i diversos grups de protistes
(branca dels holomicots) i per altra banda els animals i els seus parents unicel-lulars
(branca dels holozous). La filogénia com a tal es va comencar a resoldre gracies als arbre
de 18S, que agrupaven aquests llinatges que en comU només tenen un flagell posterior. A
continuacio hi ha una breu descripci6 dels diferents grups de protistes.

1.2.1 Choanomonada

També coneguts com coanoflagel-lats, son nanoflagel-lats bacterivors de vida lliure que
es troben a tot tipus d’ambients aquatics. Es coneixen unes 250 espécies tot i que s’han
detectat llinatges desconeguts a través de tecniques ambientals. La morfologia del grup
és forga conservada: una cél-lula oval amb un flagell a la base del qual hi ha un collar de
microvilli. Sén filiradors de matéria en suspensié atreta per corrents provocats amb el

flagell, quan la particula contacta, aquesta és fagocitada (similar al tipus cel-lular
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anomenat coandcit de les esponges). Per aconseguir aquests corrents, han de
compensar la forca motriu del flagell i per aixd es fixen al substrat. Excepte els
Stephanoecida, que juntament amb els Achantoecida recobreixen la cél-lula amb una
cota de malla, perd a diferéencia d’aquests l'estructura és prou gran com per viure en
suspensio a la columna d’aigua. Amb tot, els Craspedids son el grup més estudiat i del
que es coneix el cicle vital que conté diferents estadis tals com nedador, filtrador, colonial
o cistic.

1.2.2 Filasterea

Es un grup format per només dos géneres i dues espécies ben descrites: Ministeria
vibrans i Capsaspora owczarzaki. Sbn amebes nues amb filopodis que repten pel
substrat i fagociten bacteris. La segona és la més ben estudiada, tot i que fins que no es
van emprar filogenies moleculars, la classificacio era errdbnia amb altres amebes. C.
owczarzaki en cultiu també presenta un estadi colonial, agregatiu en aquest cas, i un
estadi cistic.

1.2.3 Ichthyosporea

Aquest grup d’unes 40 especies d’osmotrofs (no fagociten sind que capten els nutrients
del medi) s’havien classificat amb els fongs per similitud morfologica i de forma de viure
fins que no es van emprar técniques moleculars. Creixen com esquizonts (creixement
d’un Unic cos cel-lular amb multiples nuclis) envoltats de paret cel-lular, que un cop
madurs produeixen la divisié cel-lular i una nova generacié que té dues formes diferents
segons el grup taxonomic intern. Els Dermocystida son parasits estrictes d’animals (des
de peixos fins a humans) que es dispersen en forma de flagel-lats. Aquest grup conté
espécies com Sphaerothecum destruens o Rhinosporidium seeberi. L’altre grup
s’anomena Ichthyophonida i es dispersa en forma d’amebes. Es el grup més abundant i
del que es coneix més la biologia, tot i que tots ells s’han trobat dins d’animals, la seva
funcié ecologica no és clara, com per exemple Psorospermium haeckeli, amb una
morfologia forca diferent a la resta de grups. Ichthyophonus hoferi si que és un llinatge
parasit de peixos, que juntament amb Amoebidiales i Eccrinales (ectobionts d’artropodes)
formen estructures polaritzades. La resta de grups sén simplement esférics (com els
Dermocystida) i son els més estudiats. Espéecies com Abeoforma whisleri o Sphaeroforma
tapetis poden adquirir, a més, formes plasmodials.

1.2.4 Corallochytrium

Corallochytrium limacisporum també és un osmotrof com el grup anterior, perd en aquest
cas de vida lliure. El cicle vital també és molt semblant: 'esquizont comenca a créixer fins
que es cel-lularitza, tot i que enlloc d’alliberar la propera generacié en forma d’amebes, es
manté en un estadi colonial de fins a 32 cél-lules durant un temps. El problema és que ni

el 18S ha posicionat clarament aquesta especies dins la branca dels holozous.
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1.2.5 Nucleariids

Aquest grup representa el llinatge que primer es va bifurcar dels holomicots. S6n amebes
nues amb filopodis d’aigua dolga i de mida considerable, ja que s’alimenten de
cianobacteris. Gracies al 18S, una altra ameba (Fonticula alba) es va posicionar com a
grup germa d’aquestes amebes, i en conjunt separant el genere Nuclearia d’altres
amebes. A diferencia de Nuclearia, F. alba és més petita i fagocita bacteris, perd a més
les amebes es poden agregar per formar un cos fructifer i al cap de munt generar la
propera generacio i dispersar-la.

1.2.6 Opisthosporidia

Aquest és el grup d'opistoconts més recentment descrit i es composa dels Cryptomycota,
els Aphelida i els Microsporidia; aquests Ultims son parasits intracel-lulars molt derivats.
Els altres dos també sén parasits, per0 conserven formes més ancestrals. Tot i que la
filogénia interna no és clara, tenen un cicle vital molt similar. Comeng¢a amb una cel-lula
adherint-se a la paret de I'hoste. L'organisme hi penetra gracies a la produccié de paret
cel-lular propia (probablement de quitina com els fongs) i un tub germinal per on accedeix
al protoplasma de I'hoste que és fagocitat fins que no queda res. Aleshores el parasit és
multinucleat i quan es divideix en diferents cél-lules, la progénia pot ser en forma d'ameba
nua, flagel-lat o ameboflagel-lat, comencant aixi un nou cicle.

1.2.7 Els fongs “basals”

Per entendre I'evolucié dels opistoconts és necessari parlar del primer llinatge dels fongs.
Anomenats vulgarment quitrids. S6n esquizonts osmotrofs amb paret de quitina que
projecten pseudohifes (anomenats rizdids) ja que no sbén septades; tot és una Unica
cellula i per tant es poden considerar protistes. Al ser aquatics, la progénie s’esdevé en
forma de flagel-lats o ameboflagel-lats fins i tot amb filopodis.

1.3 El grup germa dels opistoconts: Amoebozoa, Apusozoa and Breviatea

Abans de comencar aquesta tesi els amebozous eren considerats el grup germa dels
opistoconts per filogénia molecular. Majoritariament uniflagel-lats, ambdés grups eren
anomenats uniconts, separats de la resta d'eucariotes considerats biconts. Tot i aixi els
apusozous (Apusomonadida i Ancyromonadida) sén biflagel-lats que s'han proposat
propers a opistoconts per estudis amb 18S. Aquests dos biflagel-lats sén bentonics i
bacterivors, per tant tenen una morfologia especifica que s'ajusta a la funci6. A més, el
grups dels Breviatea, son biflagel-lats bentdnics d'ambients hipoxics, que s'han mogut
entre grup germa d'amebozous o recentment amb els Apusomonadida. En qualsevol cas,
sembla que els Opisthokonts provenen d’ancestres biflagel-lats que ja presentaven la
majoria de caracters funcionals com filopodis, cists, flagell, etc.

1.4 Reconstruint filogénies profundes

L'origen dels eucariotes, les relacions entre supergroups d’eucariotes o lorigen i
diversificacio d’aquests, son exemples de preguntes filogenetiques profundes, com la dels

opistoconts, I'objectiu principal d’aquest treball. Els caracters morfoldgics (com la forma
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de les crestes mitocondrials) s’han demostrat molt plastics entre grups d’eucariotes i per
tant no sén marcadors evolutius valids. El 18S, aixi com arbres basats en un o pocs gens
no acostumen a tenir prou senyal filogenétic com per reconstruir esdeveniments
d’especiacidé tan antics, sobretot en relaci6 a les posicions nucleotidiques o amino
acidiques saturades (on han hagut més canvis dels que es poden detectar). A més,
sovint poden tenir histories evolutives diferents a la de les especies (esdeveniments de
duplicacié6 i pérdua, transferéncia horitzontal, etc.).

1.4.1 Adverténcies en inferéncia d’especiacions antigues

Els anomenats canvis genomics poc frequents (sinténia, indels, fusions geniques,
microRNAs o preséncia/abséncia de gens) tampoc sbn marcadors valids, i és un exemple
la divisio dels eucariotes entre uniconts i biconts pel sol fet de tenir uns gens fusionats i
uns no, ja que a l'augmentar el mostreig taxonomic, aquests marcadors es va diluir i per
tant sbn menys estables del pensat fa uns anys quan es comparaven poques espeécies.
1.4.2 Un protocol per filogendomica

Dels diferent metodes de filogendmica, lI'emprat en aquest treball es basa en la
concatenacié de mdltiples seqiiencies. Aquest metode es basa en augmentar la relacié
entre senyal filogenétic i soroll per recuperar l'arbre d'espécies correcte. El passos
principals sén semblants a I'ls de gens individuals perd en aquest cas és necessari
emprar processos automatics per tractar amb volums de dades importants i per aixo cal
tenir en consideraci6 factors importants com els seglents. 1) Tenir un mostreig taxondmic
representatiu del grup d'interés i de les especies externes més properes. 2) Assegurar-se
d'usar sequencies ortologues, que provinguin d'esdeveniments d'especiaci6. Per aixd
s'han desenvolupat diferents métodes que agrupen sequencies per similitud (blast), entre
d'altres. 3) Amb tot, és important que la matriu per analitzar contingui el major numero de
posicions per espécie, el que s'anomena simetria de la matriu. Tot i que alguns autors
han proposat que poden provocar biaixos, altres diuen que matrius asimétriques, si
impliquen especies necessaries per trencar branques llargues o incrementar clades poc
poblats, sén Uutils. Finalment, és important considerar els errors sistematics ja que els
metodes de suport dels arbres poden ser alts per topologies erronies. Es deu a que els
models evolutius no s'adapten a la realitat de l'evoluci6 molecular, basicament no
modelitzen canvis en la taxa de canvi de les posicions entre espécies, entre regions de
les sequencies i al llarg del temps. De tal manera que hi ha molt esfor¢ a desenvolupar
models més complexos perd també en detectar i excloure posicions de les sequencies
que puguin violar models senzills. Entre d'altres, excloure espécies i posicions amb alta

taxa evolutiva o recodificar aminoacids en categories funcionals.
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OBJECTIUS

1. Emprar les dades gendomiques obtingudes al projecte Unicorn per resoldre la
filogenia dels opistoconts.

2. Incrementar el mostreig taxonomic per transcriptomica d'espécies sense afinitat
clara.

3. Re-avaluar les relacions filogenétiques dels opistoconts emprant tots els llinatges
coneguts.

4. Inferir i reconstruir les transicions evolutives entre llinatges a través de caracters

funcionalment importants.

RESULTATS I DISCUSSIO

4.1 Avaluacio de la filogenomica

La classificaci6 dins els fongs de Corallochytrium limacisporum pel sol fet de compartir un
enzim del metabolisme de la lisina no és valid com s'ha exposat a la introduccié. A R1
demostrem que ampliant el mostreig taxonomic, els llinatges holozous també tenen
aquesta ruta metabolica, només I'nan perdut els animals. A més la historia evolutiva
d'aquestes rutes metaboliques involucra esdeveniments de paralogia amagada o
transferencia horitzontal de gens.

Les dues filogendmiques a R2 i R3 posicionen tots els llinatges coneguts amb més o
menys congruéncia un cop comprovat que la matriu de sequencies, preparada
especialment per no patir errors d'ortologia, no pateix d'errors sistematics.

Es recuperen congruentment els llinatges Apusomonadida i Breviatea com a grup germa
d'opistoconts, probablement de manera parafilética.

Dins opistoconts, els Holomycota s'enbraquen comencant pels Nucleariids, seguits
d'opisthosporidia (representats per Rozella i Microsporidia) i seguits pels fongs, on els
Chytridiomycota i Blastocladyomycota sén probablement parafilétics.

Dins Holozoa, animals i Choanomonada sén grups germans, seguits dels Filasterea (tots
junts agrupats com a Filozoa). Com a primer grup d'holozous recuperem Corallochytrium
limacisporum com a grup germa d'Ichthyosporea, amb important implicacié evolutiva, tot i
que amb suport moderat. Aquesta agrupacio implica que l'osmotrofia es va inventar
només dos cops dins els opistoconts, a l'ancestre de fongs i a l'acestre de
Corallochytrium més Ichthyosporea.

4.2 Hipotesis actuals de I'origen dels opistoconts

Per inferir transicions evolutives entre llinatges, primer cal reconstruir els caracters
ancestrals dels diferents grups d'opistoconts i els seus ancestres. La parafilia
d'Ancyromonadida i Apusomonadida, amb la probable de Breviatea convida a interpretar
que els caracters en comU sén homolegs tot i els milions d'anys d'evolucid6 que els

separen. La seva morfologia cel-lular es caracteritza per un citoesquelet complex de
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tubulina que confereix una forma especifica d'alimentacié. Tenen un solc ventral per on el
flagell posterior passa tot fent un corrent per atraure els bacteris que fagocitaran
especificament per aquella regi6é. Sembla doncs, que aquest modus vivendi és el que ha
mantingut una morfologia concreta durant tant de temps.

4.2.1 Reconstruint caracters ancestrals

Entre els coanoflagel-lats, els craspedids (nus i seéssils) son probablement els que
retenen més caracteristiques ancestrals comparats amb la resta, que tenen una cota de
malla d’adquisicié probablement per transferéncia horitzontal. Amb només dos Filasterea
és dificil consiliar caracters ancestrals, pero la preséncia de flagell a M. vibrans, un
caracter clarament ancestral, fa pensar que el grup podria haver sigut originariament mari
i amb estadi sessil. Dins els holozous osmotrofs, Corallochytrium presenta la morfologia
celllular més semblant a Ichthyosporea ancestrals, mantenint a més estadi flagel-lat i
ameboide per a la dispersi6. Per tant, és probablement una especie que reté caracters
ancestrals.

Dins els holomycots els Nucleariids sén ancestralment d’aigua dolga i no flagel-lats, pero
els Opisthosporidia contenen tots els caracters presents als avantpassats biflagel-lats,
incloent la fagotrofia. A més tenen quitina, cosa que la resta de llinatges fungics han
diversificat tot passant-se a I'osmotrofia.

4.2.2 Reconstruint I’avantpassat comu dels opistoconts

Entre els actuals ancestres i els actuals opistoconts no hi ha una graduacié o una clara
interpretaci6 d'estadis intermedis. Els caracters ancestrals en comu entre opistoconts sén
un unic flagell, la fagotrofia i I'Us de filopodis per predar i adherir-se als substrats (vida
bentonica). Cap d'aquests caracters és una innovacié d'opistoconts. La principal
diferencia és l'explotacié d'aquests per a funcions diverses.

4.2.3 Convergeéncies evolutives

El que si que tenen en comu certs opistocots, és precisament entre llinatges no
directament emparentats.

Els fongs quitrids sén clarament similars al Corallochytrium i Ichthyosporea. Tots
osmotrofs, aquatics, creixement coenocitic i estadis dispersius/reproductius flagel-lats i o
ameboids. A R3 hem demostrat que els components ancestrals de la paret cel-lular de
fongs es troben diversificats de manera independent als osmotrofs holozous, posant un
clar exemple d'evolucio6 paral-lela.

Les amebes nues amb filopodis també sén massa semblants com per no explorar
aquesta possible convergéncia evolutiva. El flagell de Ministeria demostra que el modus
vivendi entre els nucleariids i els Filastera ha de ser convergent i no ancestral.

Aixi doncs, les dades produides i la filogenia establerta serviran per comprar el contingut
genomic per estudiar factors clau per entrendre la transicié de fagotrofia a osmotrofia i de

flagel-lat a ameba filopodial.
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CONCLUSIONS

1. Les “sinapomorfies” o caracters morfologics i moleculars compartits entre llinatges, no
son marcadors filogenetics valids. Només poden validar-se gracies a la filogénia, en
especial la filogenomica.

2. La filogenomica no esta lliure de problemes. Estudis curosos han d’involucrar analisis
paral-leles fent servir diferents models evolutius complexos tot minimitzant I'error
sistematic. En particular, el nostre dataset representa una font independent valida per
testar hipotesis filogenetiques.

3. La transcriptomica és una aproximacio valida per incrementar el mostreig taxonomic
en filogenomica. En aquest sentit resolem que:

a. els Apusomonadida i no els Amoebozoa sén el grup germa dels opistoconts. A
més, els Ancyromonadida sén més llunyans dels opistoconts que els anterior.

b. Filasterea i Ichthyosporea no sén monofiletics, Corallochytrium és probablement el
linatge més proper a Ichthyosporea i junts el primer llinatge que ramifica dels
holozous.

4. La transcriptomica també proveeix informacié valuosa per explorar la genomica
comparada, com:

a. la presencia d’estructures flagel-lars a Corallochytrium i Ministeria, possibles
exemples de pérdua progressiva del flagell.

b. el repertori de quitina sintases en opistoconts i la diversificacié independent en
cada llinatge osmotrof.

5. Fortes semblances en morfologia i estil de vida en llinatges independents
d’opistoconts: Filasterea i Nucleariids, o fongs quitrids i Corallochytrium més

Ichthyosporea s6n exemples d’evoluci6 paral-lela o convergent.
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Agraiments

A hores d'ara, després de ser el primer a entrar al protoMCG i ser I'Gltim de la fornada a
sortir-ne, ben lluny queda aquell 2006 en que vaig anar a buscar-me la vida al
departament de genetica animat per la Roser. L'liaki em va captar ben rapid amb les
seves idees sobre l'origen dels animals i ben aviat vaig comencar a jugar amb els seus
bitxos, passant tardes sols entre el lab de la Marta Riutort i el seu despatx compartit amb
postdocs. Moltes gracies a tots els que ens vau ajudar en una época tan incerta. Tot i la
meva mala memoria, les primeres PCR i alineaments queden marcats. A final d'aquella
epoca va estar marcat per I'estiu al lab amb un jovial Mendoza i un tocat del bolet com
I'lsaac. Pero aviat I'lfiaki es va muntar un bon xiringuito al PCB, inflat de calers europeus i
el lab estava irreconeixible amb tanta activitat. L'Alex Pérez bombolleta ens va muntar un
lab de luxes i coloraines, el Hiroshi ens va ajudar moltissim a establir la infraestructura
computacional i amb el primer article (arigatou gozaimasu) i I'Arnau va venir amb ganes
de quedar-se, enamorat per la boleta amb bracets que és la Capsaspora. Amb la idea de
fer una tesi modesta, a l'algada d'un servidor, vaig passar a ser el ximp de la filogénia
(gracies Mendo pels teus mitics afalacs, ben enregistrats per quan sigui de menester).
Sota la tutel-la de l'indescriptible Romain Derelle, entre els seus daltabaixos i el seu talent
es va establir un projecte collonut, que no hagués pogut dur a terme sense l'ajuda i la
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