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Summary

SUMMARY

Several members of the T-box gene family were characterized from cnidarians, ctenophores,
sponges and placozoans, which are considered as the four metazoan phyla at the basis of
animal evolution leading to bilaterians. T-box genes code for transcription factors with high
sequence similarity in a region of about 180 amino acids called T-box domain, which is
involved in DNA binding. T-box genes have important roles in many developmental
processes such as mesoderm formation, antero-posterior axis formation, muscle and limb
formation. Thus, T-box genes have been considered key genes to study developmental
processes linked to evolutionary aspects. In this study it is shown that the four extant non-
bilaterian phyla have members of well-defined T-box gene subfamilies such as Brachyury or
Tbx2/3. These are clear homologs of higher evolved bilaterian genes, suggesting the presence
of a complex T-box gene family already in the hypothetical common ancestor of all
metazoans (Urmetazoa).

The data collected in this study were also used to test the phylogenetic relationship of
the four basal metazoan phyla in relation to bilaterian animals. Molecular phylogeny has
redefined the evolutionary tree, introducing the ecdysozoa and lophotrochozoa as new clades
of protostomes, but did not solve the relationship and the branching order of many phyla,
especially of the four phyla at the base of animal evolution. In this study most of the
investigations were done to clarify the position of the placozoan Trichoplax adhaerens, which
is an enigmatic organism that has been interpreted either as a derived cnidarian or as a
primitive non-bilaterian within its own phylum named Placozoa. The phylogenetic analyses
reported here confirm that 7richoplax forms an own phylum, but does not really improve the
knowledge about its phylogenetic position. An important improvement for the investigation of
the biology of Trichoplax was achieved by adapting in situ hybridisation methods.
Experiments with T-box genes such as Brachyury and Thx2/3, homeobox genes such as Not
and Trox-2, and additional reference genes suggest that Trichoplax has more than the four cell
types described in the literature and that the process of regeneration could be regulated by a

homeobox gene of the Nof class.
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GENERAL INTRODUCTION

AN OVERVIEW ON BASAL METAZOANS

Basal metazoans or non-bilaterians are terms often used to unite the four animal phyla at the
base of the evolutionary tree, namely the Porifera, Placozoa, Ctenophora and Cnidaria.
Sometimes also the term diploblast is used to compare these animals to triploblasts.
According to most textbooks only triploblasts or bilaterians are formed by ectoderm,
endoderm and mesoderm in between. However, independent description of mesoderm like
structures exist for sponges, the placozoan Trichoplax adhaerens, ctenophores, and
cnidarians. How this often morphological descriptions correspond to molecular correlations
and could be compared to the position of non-bilaterians in relation to the better studied
bilaterian phyla (Fig. 1) is discussed in the first part of this introduction.
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Fig. 1. Proposed phylogeny of the animal kingdom, based primarily on 18S rDNA sequences (Holland 1999).
All animals can be divided into two basic groups according to their bauplan: the bilaterians and the non-
bilaterians.
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PORIFERA: THE SIMPLEST ANIMAL ORGANIZATION

Sponges are among the simplest multicellular animals, although depending on the species
from 10 to 15 cell types have been counted. They lack organs and tissues and all the cells
exhibit considerable independence. The sponges are an ancient group with a fossil record
extending back to the Precambrian (Li et al. 1998). Sponges have often been considered to be
the result of an independent line of evolution, without much relationship to other metazoans,
however, recent molecular phylogenetic studies are supporting a view where sponges share

the same ancestor with all the others metazoans (Miiller et al. 2001).

The main characters of sponges

Sponges are characterized by numerous canals and chambers, which open to the outside by
pores giving this phylum its name (Fig. 2A). Many sponges are asymmetrical, but some
exhibit radial symmetry (Ruppert and Barnes 1994). The sponge is made up of two single-
cell-deep layers and an intermediate mesenchyme called mesohyl (Fig. 2B). The outer layer,
called sac, consists of flattened polygonal cells called pinacocytes and the inner layer consists
of flagellated cells called collar cells or choanocytes. These two layers do not form a true
epithelia, in fact no junction among cells have been detected in both layers, and it is
controversial whether the outer layer forms a syncytial frame (Harrison and De Vos 1991).
The middle layer, the mesohyl, consists of gelatinous protein or/and carbohydrate material, a
range of mobile cells, and a skeleton formed by a network of fibrous flexible protein called
spongin and needle-like structures called spicules. Spicules are usually made of calcium
carbonate or oxides of silicon, the chemical composition and the shape of the spicules are

used for classification (Ruppert and Barnes 1994).
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Fig. 2. General body plan of a simple sponge. (A) Part of a colony, (B) longitudinal section including details of
choanocytes and an amoebocyte. The inside of the sponge (spongocoel) is to the left in B.
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How sponges get food: an elaborate filtering system
The body plan of a typical sponge is shown in figure 2. Water enters from numerous small
pores called ostia, carrying suspended plankton and other potential food. The ostia are
surrounded by specialized cells called porocyte that open and close to control water flow. For
the sponge depicted in figure 2, water flows directly into an open chamber called spongocoel,
and then water leaves the spongocoel by a larger opening, the osculum. The oscolum size is
controlled by a special type of mesohyl cell called myocyte, which displays similarity to a
smooth muscle cell in shape and contractility, however, unlike the true muscle cells the
myocytes surrounding an osculum do not touch each other (Bagby 1966). The choanocytes
have a tubular collar facing the spongocoel, a flagellum extends from the centre of this collar
and the movement of the flagella create currents that force water through the sponge duct
system. Suspended food particles in the water are drawn through the collar from below,
trapped on the outside of the collar, and then by phagocytotic activity inside the cell. The
choanocytes do not digest the captured food themselves, instead it is passed to a second cell
type, an amoebocyte that is waiting in the mesohyl, and the amoebocytes carry the food to
other cells that require nutrition. Thus, it is partly compensate for the sponge's lack of a
circulatory system (Harrison and De Vos 1991).

The amoebocytes carry on other jobs, for example, they can undergo developmental
changes to turn into any other cell type that may be required and this allows for growth,
repair, and reproduction of the sponge. In addition, amoebocytes are responsible for

producing the sponge skeleton.

The four extant classes of sponges
Living poriferans have traditionally been classified into four classes: Calcarea, Hexactinellida,
Demospongiae and Sclerospongiae.

Within these classes three types of sponge structure are recognized: the asconoid, the
most primitive, is regular, tube-shaped, and radially symmetrical; the syconoid is a more
irregular structure that displays some degree of folding of the body wall, but still maintain a
basic radial symmetry; the leuconoid is highly irregular, displays the greatest degree of
folding of the body wall, and has lost radial symmetry. In the leuconoid sponges choanocytes
line the pockets formed by the convoluted body wall (Ruppert and Barnes 1994).

Members of the class Calcarea are characterized by a skeleton composed of crystals of
calcium carbonate. Calcareous sponges are small, usually only a few centimetres high, and are

generally dull in appearance, although several species are brightly coloured and the spicules
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often protrude through the sac, giving to the organism a rough texture. Members of this class
are among the simplest sponges, and all three morphological types - asconoid, syconoid, and
leuconoid - are represented. There are approximately 150 known species, exclusively marine
and shallow-water inhabitant (Ruppert and Barnes 1994).

Hexactinellida (glass sponges) are deep-sea sponges. They lack an epidermal covering,
and their skeletons are composed of spicules of silica. The spicules are more complex than
needle-shaped, in fact they have six points or some multiple thereof and often form a scaffold.
Glass sponges are pale in colour and are cup or basket shaped. The spongocoel is large, and
the osculum is covered by a grating of fused spicules. When the living tissue is removed, the
cylindrical skeletons often have the appearance of spun glass. The body plan of
Hexactinellida is between syconoid and leuconoid (Ruppert and Barnes 1994).

To the class of Demospongiae belong most sponges. It includes sponges with a skeleton
made up of silicon-containing spicules or spongin fibres or both. In the latter case, the spongin
provides a matrix in which the spicules are embedded. The Demospongiae vary in size from
small, encrusting forms to very large, irregular masses. All are leuconoid; many have bright
colours (Ruppert and Barnes 1994).

Members of the Sclerosponges are quite rare today and they are mostly known from
fossils. There are a few modern species, which are only found on coral reefs in the West

Indies and Pacific, where they contribute to the structure of the reefs (Chombard et al. 1997).

Reproduction in sponges

Pieces of sponge are able to regenerate into whole new sponges. Asexual reproduction occurs
by budding or by fragmentation. The buds may remain attached to the parent or separate from
it, and each bud develops into a new individual. Freshwater sponges, as well as several marine
species, form resistant structures called gemmules that can withstand adverse conditions such
as drying or cold and later develop into new individuals. Gemmules are aggregates of sponge
tissue and food, covered by a hard coating containing spicules or spongin fibres. Sexual
reproduction also occurs. Most sponges are hermaphroditic, but in some species the sexes are
separate. Sexual reproduction is timed to environmental cues such as water temperature, tides,
and the phase of the moon. During the mating season sperms are released into the water and
eventually enter the porocytes of the female sponge. The sperms are later taken up by
choanocytes, and then passed on to amoebocytes, which carry them to egg cells located in the

mesohyl (Harrison and De Vos 1991).
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Distinct patterns of development in sponges

The development of sponges is not yet well understood, it is not even clear if the cellular
movement during the larval formation can be compared to the process of gastrulation of other
animals, in fact some authors argue that an adult sponge does not have any gut, so they cannot
undergo gastrulation (Ereskovsky 2000). Other authors consider the choanocytes as the gut
epithelium, for them gastrulation in sponges occurs during the metamorphosis by inversion of
ectoderm and endoderm. Thus, after metamorphosis the ciliated cells of the ectoderm give rise
to the choanocytes and the cells of the endoderm to the pinacocytes (Simpson 1984). For
others those layers that invert at metamorphosis are already formed from differentiated cells
and gastrulation occurs during larva formation by cellular movement (Leys and Degnan
2002). Four main types of larva are found in the porifera (Leys and Degnan 2002, and
references therein): the coeloblastula, a ciliated hollow blastula-like larva (Amano and Hori
2001); the amphiblastula, a hollow blastula-like larva with ciliated cells confined in one
hemisphere, typical of the class Calcarea; the paranchymella, a ciliated egg-shaped larva that
is typically solid, but may have internal chambers; and the trichimella of hexactinellid
sponges, which has multiciliated cells in a skirt around the middle and syncitial tissues like
the adults. Most of the sponge larvae are parenchymella type and look like the planula of
cnidarians and typically settle on the anterior pole and then undergo metamorphosis (Leys and
Degnan 2002). The mechanisms of metamorphosis in parenchymella are not yet clear.
Experiments done with radioactive cell tracers do not show any inversion of germ layers
(Misevic et al. 1990), while natural markers show inversion of those layers (Amano and Hori

1996).

Morphological evidences for a third embryonic layer in a sponge larva

In a recent study a fluorescent cell marker that remains locked inside the cells for several days
was used to study the developmental processes of the sponge Reniera sp., a desmosponge
with parenchymella larvae (Leys and Degnan 2002). This sponge has large eggs of 300 um,
the fertilization is internal and the cleavages are irregular. Blastomeres differentiate early,
before any cellular movement, by formation of three types of cells: macromeres, with yolk
inclusion; and two kinds of micromeres, one with dark cytoplasm, called pigmented cells, and
the other with pale cytoplasm. Gastrulation begins with the movement of the pigmented cells
towards one pole that will became the posterior pole and those cells can form a ring (Leys and
Degnan 2001). After additional movements a late stage embryo has a three-layered

appearance. The centre of the embryo consists of amoeboid cells in a dense matrix, whereas
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the outer layer is composed of columnar epithelial cells with long cilia. Between the inner and
outer layers there is a thin layer of cells that lie perpendicular to the columnar epithelial cells
and form a circumferential sheath around the whole embryo. It is thought that this third layer
originates from micromeres that migrate during gastrulation from the periphery of the embryo
to their final position at the late-stage embryo (Leys and Degnan 2002). In the later phases of
Reneiera development, the fate of the cells belonging to this thin layer placed between
ectoderm and endoderm is not clear. Leys and Degnan (2002) suggest that this middle thin
layer needs further investigation. On the basis of these morphological observations it is
possible to speculate that this thin layer corresponds to the mesoderm of higher animals.
Molecular data could help to better understand whether there is an evolutionary link
between this embryonic sponge middle layer and higher metazoan mesoderm. Some genes
encoding transcription factors or components of signalling pathways that are characteristic of
higher metazoans have been found in sponges (Manuel and Le Parco 2000; Wimmer et al.

1999), but their expression patterns have not been studied yet in sponge development.

PLACOZOA: AN ENIGMATIC PHYLUM

Trichoplax is an enigmatic organism described for the first time by F. E. Schulze (1883) , who
was not able to put it in any known phyla due to its peculiar characteristics. Already in these
early studies the main features, such as the small size of only a few millimetres with a
constant thickness of 0.02 mm, no symmetry axes, no organs, a dorso-ventrally three-layered
body and continuous changes in shape were observed (Fig. 3A). The description of this new
animal type in German had an immediate echo in the scientific community and an English
report appeared in the first volume of Science (Minot 1883). An apparently related species
was observed in Naples and named Treptoplax reptans (Monticelli 1896), but since this
original description it was not found again. Later, Trichoplax was described as the planula
larva of the hydrozoan Eleutheria krohi (Krumbach 1907). Although this work was criticized
(Schubotz 1912), the idea of Trichoplax as a hydrozoan larva was accepted and reported in
textbooks (Hyman 1940). Trichoplax disappeared from the literature until 1971, when new
observations suggested that 7Trichoplax is not a larva (Grell 1971; Miller 1971). Trichoplax is
now thought to be the only species from the phylum Placozoa (Grell and Ruthmann 1991;
Ruppert and Barnes 1994; Syed and Schierwater 2002).
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The body organization of Trichoplax

The body structure of Trichoplax consists of an upper thin epithelial layer with flattened
mononuclear cells, a basal epithelial layer with two cell types, column-shaped cells with cilia
and round-shaped cells, called gland cells, without cilia. Between these two layers there are
star-shaped cells, that form a syncytial net (Fig. 3B). Trichoplax move by changing their
shape similar to amoebae, due to the contraction of the microtubular system of the star-shaped
cells (Thiemann and Ruthmann 1989). A nervous system seems to be missing, but with an
antibody against RFamide, which recognizes neuropeptides in many animal phyla, a few
isolated cells can be detected (Schuchert 1993a). The feeding system is located in the ventral
layer; particles already digested by enzymes produced from the gland cells can be
incorporated by endocytosis (Ruthmann et al. 1986). Apparently, Trichoplax is missing a
structured extracellular matrix and a recognizable basal lamina (Grell and Ruthmann 1991).
The epithelial cells are connected by belt desmosomes in both epithelial layers, no other type

of junction has been described (Ruthmann et al. 1986). Feulgen cytometry has shown that

Trichoplax is the species with the lowest amount of DNA of all the Metazoa (Ruthmann and

Wenderoth 1975).

ventral gﬂi

upiﬁf{"

Fig. 3. General body plan of Trichoplax adhaerens. (A) A typical animal shows an arbitrary body shape without
any symmetry axis. Animals vary in size from 0.5 to 5 mm and contain more than 10°000 cells. (B) Depiction of
a Trichoplax section shows the “three layers” body structure (after Grell and Ruthmann 1991). f, flattened dorsal
cell; s, star-shaped cell of the intermediate layer; ¢, column-shaped cell; g, gland cell.

Reproduction and regeneration in Trichoplax

Still little is known about reproduction of Trichoplax. In aquaria, Trichoplax does it
irregularly by fission. Under special circumstances it was observed to build hollow swarmer
spheres, stolons and eggs developing to up to the 64 cells blastula stage (Grell 1971,
Ruthmann et al. 1981; Thiemann and Ruthmann 1991). Although the three layers of

Trichoplax could be compared to ectoderm, mesoderm, and endoderm of higher animal, as
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Schulze noticed in 1883, the presence of three layers at embryonic stages could be proven or
disproved only by comparing developmental processes.

As most of the lower metazoans, Trichoplax has a regeneration potential inducible by
cutting a piece of the body. No data are available regarding the dynamic of wound closure, so
it is not clear whether in Trichoplax the regeneration follow a morphallactic process where no
proliferation is required or an epimorphic process. Only the morphological changes during
regeneration have been observed. The wound closure process is fast, just after the cut the
central part of the body contracts, while the two edges of the wound get close by a sliding
movement the external regions on the central part of the body. In half an hour the two lips of
the wound touch each other and need 10 minutes to fuse each other, so less than one hour is
required to close the wound (Schwartz 1984). Moreover, it has been shown that fragments
containing both peripheral and central regions of the body are able to regenerate, while
fragments containing only a central part of the body or a peripheral part are not able to

regenerate (Schwartz 1984).

CTENOPHORA: HIGH COMPLEXITY IN A BIRADIAL BODY ORGANIZATION

Ctenophores are a rather enigmatic group of marine carnivores. Virtually all species are
holopelagic and feed with the aid of a pair of tentacles located on opposite sides of the mouth,
although one derived group, the beroids, has lost their tentacles and another taxa, the
platyctenes, has lost their comb plates and became benthic (Podar et al. 2001).

The major longitudinal axis of all ctenophores is called the oral-aboral axis, along which
run two planes of symmetry, the tentacular and the esophageal axes (Fig. 4A and B,
Martindale and Henry 1999, and references therein). Most of the sensory and locomotory
structures of ctenophores are cilia-derived. Ctenophores have eight longitudinal arrays of
ectodermally derived ctene (comb) plates and each comb plate is composed of thousands of
cilia in longitudinal arrays that form “paddles”. The synchronized beating of these comb
plates along each comb row accounts for the movements of these animals through the water
column. The control of comb plate beating in individual comb rows is accomplished in large
parts by a central sensory structure called the apical organ located at the aboral pole of the
animal. The apical organ is a richly innervated statocyst or "gravity amplifier" (Fig. 4D and
E). The statocyst is housed under a cupola of non-motile dome cilia and is composed of a
group of mineral-containing lithocytes placed upon four groups of balancing cilia. Each group

of balancing cilia is functionally connected to a pair of ctene rows by the ciliated grooves in
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each of the four quadrants. The position of the lithocytes atop the balancing cilia regulates the
beating of the rows of comb plates. The apical organ also has neural connections to both
tentacles (Hernandez-Nicaise 1991). The cells thought to mediate detection of light and
regulate spawning are modified ciliated cells in the floor of the apical organ that contain
lamellate bodies and synapse onto adjacent cells in the apical organ (Hernandez-Nicaise 1991,
and references therein). The apical organ, with its high concentration of synapses integrates
sensory information and initiates the appropriate motor and behavioural output (Hernandez-
Nicaise 1991, and references therein). Although these data suggest that the apical organ with
its centralized function could be homologue to the bilaterian brain, forkhead, a gene typically
expressed in the bilaterian brain, is not expressed in the apical organ (Yamada and Martindale
2002). Thus, from the molecular point of view, the evolutionary relationship between the

apical organ and the bilaterian brain is doubtful based on the genes tested so far.
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Fig. 4. General body plan of common ctenophores. (A) Lateral view, (B) aboral view of A, two anuses and an
apical organ are typical of ctenophores, (C) Anatomical scheme of the muscle structures of the jelly body, (D)
and (E) are enlarged depiction of the apical organ from aboral and lateral view, respectively (after Martindale
and Henry 1999).

Distinct body organization within two ctenophore classes

There are two generally recognised classes of ctenophores: Tentaculata and Nuda. The class
Tentaculata is characterized by the presence of two tentacles, which stem from the aboral
margin. This class also contains species that are flattened at either the tentacular (or lateral)

axis, or the oral-aboral (or dorso-ventral) axis. Examples include Pleurobrachia pileus (Order
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Cydippida), which has a characteristic ovoid shape (Ruppert and Barnes 1994) and Cestum
veneris (Order Cestida), which has a laterally flattened form resembling a belt. It grows to
nearly a metre in length, and is relatively common in Mediterranean waters (Ruppert and
Barnes 1994). Vallicula multiformis (Order Platyctenida) is an example of a dorso-ventrally
flattened form, which has entirely lost the typical rows of cilia, but retains two tentacles. It
moves over marine algae and sediment by crawling, much as a turbellarian flatworm might do
(Freeman 1967). Gastrodes is unusual in being parasitic in nature, living in the body of the
pelagic Thaliacean Salpa. Gastrodes is also believed by some to provide a direct link between
the Ctenophora and Cnidaria, having a planula larval stage (Harbison 1986). Tjalfiella (Order
Platytenida) has been found at depths of around 500 m and is another unusual ctenophore,
appearing to be entirely sessile in habit (Harbison and Madin 1982)

The class Nuda is represented by just one order, which contains the species Beroe.
Members of this class are generally flattened in the tentacular plane, possess no tentacles, and
have a heavily branched gastro-vascular system. Beroe (Order Beroida) is a complex form
that has a body wall covered with series of canals originating from its gastro-vascular tract.
Beroe is pinkish in colouration, roughly thimble shaped, and has a large muscular mouth used

to engulf other ctenophoran species that constitute its prey (Ruppert and Barnes, 1994)

The unique developmental pattern of ctenophores

Adult ctenophores are hermaphrodite. Eggs and spermatozoans develop internally in discrete
bands and, when mature, they are released via the mouth for external fertilisation.
Development of the embryo is by determinate cleavage and growth is via a cydippid larva,
which is essentially an exact miniature of its parents. The ctenophores are noted as having a
substantial capacity for regeneration (Ruppert and Barnes 1994).

Ctenophore development is unique and does not bear obvious similarities to
embryogenesis in any other extant organisms (Fig. 5). First cleavage is unipolar, passes
through the future sagittal plane and defines the oral pole (Freeman 1977). Second cleavage
passes through the future tentacular plane and gives rise to four equal-sized cells. Each of the
first four blastomeres divides to give rise to E (end) and M (middle) blastomeres, which
occupy distinct positions in the embryo (Fig. 5). As shown in figure 4, each E blastomere
gives rise to a series of three smaller micromeres at the aboral pole (called el, e2 and e3),
while the M blastomeres generate two aboral micromeres (m1 and m2). Following a period of

rapid cell division and gastrulation, differentiated cell types begin to appear. Embryogenesis
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in most ctenophores is rapid, and direct, with a juvenile Mnemiopsis leidyi developing in less

than 24 hours at 18-20°C (Martindale and Henry 1999).

aboral
view

lateral
view

My M/

aboral
view

lateral
view

16-cells 32-cells 60-cells

Fig. 5. Description of ctenophore development from zygote to 60 cells stage. The first cleavage plane is sagittal,
while the second cleavage plane is perpendicular and corresponds to the tentacular plane. At the third cleavage
originate two distinct cell lineages, E and M, which one characterized by a peculiar position due to a “diagonal”
cleavage. Each blastomers of the 60 cells stage embryo give rise to a defined cell population in the adult animal
(after Martindale and Henry 1999).

Mnemiopsis leidyi: establishing the fate of early blastomers
An embryonic fate map for the first 60 cells has been generated using intracellular markers for

the ctenophore Mnemiopsis leidyi (Martindale and Henry 1999).

Callianira

mesoderm

endoderm

stomodaeum

Fig. 6. Early and late gastrula of the ctenophore Callianira liabata. A third germ layer is highlighted (after
Nielsen 2001).

During gastrulation the aboral micromeres proliferate and spread over the

mesendodermal macromeres by epiboly, with the blastopore becoming the adult mouth. All
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muscle cells are derived from micromeres born at the oral pole of endomesodermal precursors
(2M and 3E macromeres) and the layer of cells originating from these micromeres could be
considered the equivalent of the mesoderm. A similar pattern for ctenophore development was
already identified more than a century ago in Callianira bialiata (Fig. 6, Nielsen 2001, and
references therein). A unique pattern of development is observed in the 2M lineage. Unlike
any of the other cells injected in similar experiments, the 2M macromeres displayed a
phenomenon known as “diagonal development” or “diagonal determination.” In other words,
the pair of 2M cells located along the anal axis (i.e., 2M\) exhibit different fates from those
located along the orthogonal axis (i.e., 2M/). 2M\ macromeres are located along the so-called
ctenophore “anal axis” and generate a pair of endodermally derived anal canals that connect
the gut cavity to the external seawater in diagonally opposed quadrants at the aboral pole
(Martindale and Henry 1995). The anal canals and their external orifices are relatively small
and exist in two of the four quadrants, each of which is clearly derived from a single 2M\
macromere. Although the 2M/ macromeres also give rise to endoderm, they do not contribute
to the formation of the anal canals. Instead, they give rise to distinct sets of muscle cells,
including longitudinal body wall muscles, circumpharyngeal muscles, tentacle to apical organ
muscles, and the longitudinal muscles, which run along the external surface of the pharynx. In
addition, they give rise to a population of wandering multipolar mesenchymal cells (“stellate”
mesenchyme), which may have phagocytotic activity. All of these mesodermal cell types are
notably absent in derivatives of 2M\ macromeres (Martindale and Henry 1999).

The tentacles form from two ectodermal patches that invaginate and fuse with muscle
precursors born from the oral end of the E and M lineages (Martindale and Henry 1999). The
tentacles are generated continuously from the central region of the tentacle bulbs and exit the
animal through the ectodermal tentacle sheathes. The apical organ arises from the coalescence
of components from all four quadrants toward the aboral pole as the ctene rows have begun to

form following gastrulation (Martindale and Henry 1999).

CNIDARIA: A WIDE VARIETY OF LIFE FORMS CHARACTERIZED BY A
UNIQUE CELL TYPE, THE NEMATOCYTE

There are four widely recognised classes of cnidarians: Hydrozoa, Scyphozoa, Cubozoa and
Anthozoa. They are represented by polyps such as sea anemones and corals, and by medusa
such as jellyfish. A polypoid or a medusoid cnidarian is a radially or biradially symmetrical,

uncephalized animal with a single body opening, the mouth. The mouth is surrounded by
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tentacles that are studded with microscopic stinging capsules known as nematocysts that are
the agents of offence and defence. The possession of intrinsic nematocysts is the defining
characteristic of the phylum, nematocysts are the most diverse and widespread of three types
of cnidae, hence the preferred name of the phylum (Ruppert and Barnes 1994).

The body and tentacles of cnidarians consist of two cell layers, the inner layer called
gastrodermis and the outer layer called epidermis (Fig. 7). Between the two cell layers is the
mesoglea, which ranges from little more than a glue to bind the layers, for example in Hydra,
to the vast bulk of the animal, for example in jellyfish of the Class Scyphozoa. The body has a
single sac-like body space, the coelenteron, which communicates with the surrounding
medium through the mouth. The coelenteron, also termed the gastrovascular cavity, serves for

gas exchange and digestion.

Epidermis

Mesoglea

Gastrodermis

Manubrium

&
P

Basal Disc

Fig. 7. Body plans of two life stages of cnidarians. (A) Cross section of a polyp and (B) cross section of a
medusa. Both stages possess an outer epidermis and an inner gastrodermis; these two layers are separated by an
acellular tissue called mesoglea (after Martindale and Henry 1998).

All cnidarians are carnivorous, with cnidae and tentacles active in prey capture. Because
polyps are typically sessile, and only medusae possess sensory structures, cnidarians are
generally believed to be passive predators, feeding on prey items that blunder into their
tentacles. Some cnidarians can absorb dissolved organic matter directly from seawater, but it
is not known how widespread this ability is (Schlichter 1975). Living within the tissues of
anthozoans of many species and hydrozoans and scyphozoans of a small number of species
are unicellular algae from which the animals derive reduced carbon. Dinoflagellate symbionts,
termed zooxanthellae, are by far the most common algal symbionts; they are exclusively
marine, while Green algal symbionts, termed zoochlorellae, occur in both marine and

freshwater cnidarians (Ruppert and Barnes 1994).
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The life stages of cnidarians

The text-book depictions of the typical cnidarian life cycle is an alternation between a polyp
and a medusa termed metagenesis, the former is the asexual stage and the latter is the sexually
reproductive stage (Fig. 8). In fact, an attribute of the entire class Anthozoa is the absence of a
medusa. At least some individuals of all anthozoans species form gametes; those of some
species may reproduce vegetatively as well. The other three classes - Cubozoa, Hydrozoa, and
Scyphozoa - are often grouped as the "Medusozoa" because the medusa phase is present in all
of them (Collins 2002). Indeed, the medusa dominates the life cycle of members of the classes
Cubozoa and Scyphozoa. Life cycles of the hydrozoans are the most diverse in the phylum:
although the polyp is the more conspicuous and persistent stage in most taxa, some lack the
medusa phase, whereas others lack the polyp phase (Galliot 2000). Hydra, which is
considered by many researches as a model organism of this phylum, is utterly atypical: it
lacks a medusa, it has aggregations of gametogenic tissue that function as gonads, and it is
among only a handful of freshwater cnidarian species.

Polyps are usually sessile, and colonial in nature, their body plan basically comprises a
thin-walled cylinder, which has an opening at one end. This is known as the hypostome, and
is surrounded by tentacles bearing nematocysts. Colonies are not always comprised of
homologous units, but may be polymorphic, with specific specialised functions, for example
gastrozoids and medusozoids in Podocoryne carnea (Fig. 8A). The anatomy of the medusa is
more complex. Most of the differences are found in the medusa bell, which not only can carry
complicated sense organs such as lens eyes, statocysts, and nerve rings but also consists of
two nonmyoepithelial cell layers and additionally a third layer of epithelial mononucleated
striated muscle cells, so medusal musculature can be well developed, and capable of rapid
contractions (Ruppert and Barnes 1994). The hypostome is termed manubrium in the medusa
stage. The mouth gives access to the gastric cavity within which digestion occurs and from
the gastric cavity develops a radial and ring canal system that allows diffusion of nutrients all
over the bell.

The cnidarian larva is the planula, a pear-shaped, entirely ciliated animal. A typical
cnidarian life-cycle is described in figure 8. Male and female medusa spawn freely into the
sea, where fertilization occurs and a planula develops. At metamorphosis, the planula settles
on and attaches to the substratum, where it metamorphoses into a polyp. The primary polyp
produces additional polyps asexually, by budding, stolonic outgrowth, or some other process,
to form a clone or a colony. At the appropriate time, determined by factor such as size of the

colony or environmental conditions medusae are produced asexually. In Cubozoa, an entire
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polyp metamorphoses into a medusa. They are released to take up a pelagic existence and the

cycle begins anew.

Mouth

Manubrium

Hypostome

Gonad

Tentacle Radial canal

{ e : e
i, o

Medusa bud

Gonozooid

&_..-‘_

Gastrodermis II
Epidermis’
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Fig. 8. Typical hydrozoan life cycles. (A) The lifecycle of Podocoryne carnea comprises a pelagic medusa stage
and a benthic, colonial polyp stage. The transformation of the swimming planula to the polyp is called
metamorphosis, the medusa will arise from the polyp through budding. (B) The life cycle of Obelia sp. is
represented in many textbooks (after Rupert and Barnes 1994).

Reproduction in cnidarians

Cnidarians have both asexual and sexual way of reproduction. Asexual reproduction is by
budding, depending upon the species and the life history stage, budding may produce a polyp,
a medusa, or a frustule, which is similar to a planula larva without cilia that separates from the
parent and develops into a polyp. Polyps may bud off either polyps or medusae, some
medusae bud off medusae. There are several ways of sexual reproduction. The gametes could
be released and the fertilization is external, or the fertilization can be internal in the
coelenteron. In each case temperature and light play a key role in the timing of maturation and
release of gametes. Cleavages are total and the blastomer cell fate cannot be determined. The
planula develops by a process of gastrulation, can occur in several ways and usually ends in a

bleared swimming larva (Tardent 1978).

The third germ layer in hydrozoans: the entocodon
In hydrozoans the medusa forms by budding from polyps. During this process appears a third
cell layer appears between ectoderm and endoderm. This mesoderm-like layer is called

entocodon and separates from the ectodermal layer early in medusa development (Fig. 9).
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Fig. 9. Sketch for early developmental stages of a hydrozoan medusa bud. (A) At the first stage only few cells of
the entocodon originate from the ectoderm, (B) the second stage is characterized by a rapid proliferation of cells
in the entocodon, (C) at the third stage the entocodon forms a cavity and the endoderm starts forming radial
canals, (D) during the fourth stage the three layers are convoluted similarly to the adult medusa, (E) there is a
continued proliferation of cells at the fifth stage, (F) the continuous invagination of endoderm give rise to the
main body structure of the medusa, the manubrium. (G) Cross section of D. eo, entocodon; ec, ectoderm; en,
endoderm; rc, ring canal; gc, germ cell; mn, manubrium (after Hyman 1940).

The entocodon is located between the distal ectodermal and the endodermal tissue, and
is separated from both layers by an extracellular matrix. Entocodon cells in early bud stages
are embryonic in appearance and highly proliferative. Later the entocodon forms a coelom-
like cavity, which finally connects to the outside by the developing velar opening. In older
bud stages mitotic activity in the bell gradually stops and the outer wall of the entocodon
differentiates into the striated muscle while the inner wall forms the smooth muscle of the
feeding and sex organ of the animal. Thus, in hydrozoans the striated muscle derives from the
entocodon, while in bilaterians the striated muscle tissue originates from mesoderm. This
similarity together with the formation of a coelom-like cavity led to the idea that the
entocodon could be a mesoderm-like layer (Boero et al. 1998). With the aim to find molecular
evidence for the homology of entocodon and mesoderm several studies were done with the

hydrozoan Podocoryne carnea and several mesoderm-specific genes known from bilaterians.
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Molecular origin of mesoderm: the entocodon genes of Podocoryna carnea

The molecular analysis of muscle development in Podocoryne has demonstrated that the
structural genes for a tropomyosin and a myosin heavy chain are structurally and functionally
conserved and specific for the striated muscle tissue (Yanze et al. 1999). Furthermore, the
presence of the homeobox gene Otx (Miiller et al. 1999), a head and gastrulation regulator in
bilaterians, in jellyfish striated muscle and the basic helix-loop-helix (bHLH) factor Twist
during the formation of the entocodon in medusa development (Spring et al. 2000) , indicates
that genes with specific roles in mesoderm patterning of bilaterians are already present in the
common ancestor with bilaterians. Next to homeodomain and bHLH transcription factors, the
best-studied regulatory genes are members of the T-box, MADS-box and zinc finger families,
such as Brachyury, Mef2, and Snail, respectively (Spring et al. 2002). These three gene
families are involved at different levels in the specification of the mesodermal and myogenic
lineage of bilaterian animals from Drosophila to vertebrates.

Podocoryne Twist is expressed in the early embryo until the myoepithelial cells of the
larva differentiate and then again during medusa development. There, the gene is detected
first when the myoepithelial cells of the polyp dedifferentiate to form the medusa bud and
later Twist is found transiently in the entocodon, a mesoderm-like cell layer that differentiates
into the smooth muscle and striated muscle of the bell. In later bud stages and the medusa,
expression is seen where non-muscle tissues differentiate (Spring et al. 2000).

To investigate the hypothesis that the entocodon of jellyfish is homologous to the
mesoderm of bilaterians, a Podocoryne homolog of Brachyury, Mef2, and Snail were isolated
and expression patterns were studied throughout the life cycle and specifically during muscle
development. The results demonstrate that all three genes are expressed during myogenic
differentiation (Spring et al. 2002). Additionally, as is true for their bilataterian cognates, they
appear to have other functions as well. The sequence and expression data demonstrate that the
genes are structurally and functionally conserved and even more similar to humans or other
deuterostomes than to protostome model organisms such as Drosophila or Caenorhabditis
elegans (Spring et al. 2002). The data further strengthen the hypothesis that the common
ancestor of cnidarians and bilaterians already used the same regulatory and structural genes

and comparable developmental patterns to build muscle systems.
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MOLECULAR PHYLOGENY AND RELATIONSHIPS
AMONG BASAL METAZOANS

In order to study the evolution of various molecular, cellular and developmental characters it
is essential to determine the early branching order of animal phyla. Thus, both the
phylogenetic relationships among early animal phyla and the evolutionary pathway that the
metazoans followed from unicellular organisms are central topics in many researches.
Cladistic analyses of morphology tend to suggest a step-wise arrangement where either
Porifera or Placozoa diverge first, then Cnidaria, and finally Ctenophora, from the lineage
leading to Bilateria (Fig. 10A; Nielsen 2001). Until the arrival of molecular analyses,
morphological data provided many arguments. For several reasons cnidarians and ctenophores
were treated as a single clade named coelenterates (Fig 10B; Hyman 1940). Although this
view 1is rejected by molecular data, there are at least three major issues in relation to the
phylogenetic status of diploblasts that remain poorly resolved: whether all the metazoans
including diploblasts and triploblasts are monophyletic, whether the diploblasts are
monophyletic or paraphyletic, and how the diploblast phyla are related (Cavalier-Smith et al.
1996; Christen et al. 1991; Collins 2002; Field et al. 1988; Kim et al. 1999; Kobayashi et al.
1996; Medina et al. 2001; Wainright et al. 1993). Therefore, additional data are needed to

improve our understanding of the early phylogenetic history of animals.

A Bilateria B Bilateria
Ctenophora Ctenophora
Cnidaria Cnidaria
Placozoa Placozoa
Porifera Porifera
Outgroup Outgroup

Fig. 10. Two alternative evolutionary hypotheses for non-bilaterians (after Collins 1998).

Monophyletic origin of metazoans

In view of similarities in the organization of the epithelial and mesenchymal tissues and
connective tissue, including collagen and other molecules (for review, see Miiller et al 2001),
between sponges and cnidarians as well as higher animals, the arguments for the monophyly
of Metazoa are very strong. However, analyses of the origin of metazoans using methods of
molecular phylogeny with rRNA genes as a phylogenetic index had revived the controversy

as to whether all metazoans can be viewed as successive offshoots within a single
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monophyletic unit, or different processes of cell aggregation led to parallel radiation and
different patterns of body plan organization.

The early publications of phylogenetic trees based on partial sequences of animal /8S
rRNA genes (Field et al. 1988) and 28S rRNA genes (Christen et al. 1991) led to the idea that
the two animal subkingdoms, Radiata and Bilateria, originated independently from different
flagellate protozoan ancestors. Recently these conclusions have been widely criticized by
several studies based on complete gene sequences of /8S rRNA genes and the protein coding
genes elongation factor 1 alpha and Hsp70 (Borchiellini et al. 1998; Kim et al. 1999;
Kobayashi et al. 1996; Peterson and Eernisse 2001; Wainright et al. 1993). All these studies
support the monophyly of the animal kingdom including sponges, although the bootstrap
value for monophyly is very weak.

The monophyletic origin of animals was supported as well from the discovery of a
receptor tyrosine kinase (RTK) from a sponge (Schacke et al. 1994), suggesting that the
evolution of RTKs for cell-cell signalling could have played a role in the evolution of early
metazoans. Moreover, the discovery of a RTK in choanoflagellates demonstrates that at least
one family of metazoan signalling molecules was present before the origin of animals (King
and Carol 2001). Phylogenetic and molecular genetic evidence (Wainright et al. 1993, Snell et
al. 2001), together with the ultrastructural similarities between choanoflagellates and sponge
choanocytes (Hibberd 1975), suggest that choanoflagellates may best represent the eukaryotic
form of life immediately ancestral to the evolution of animals (Fig. 1).

Thus, although some steps have been done to fix the monophyletic origin of metazoans,
further comparisons of the expressed genes in basal metazoans could infer a better view on
the origin of metazoans. For instance, up to now no transcription factor family involved in

development of all animal phyla but absent in fungi or plants was found.

Enigmatic evolutionary position of the placozoan Trichoplax adhaerens

Even if the monophyletic origin of metazoans including sponges is assumed to be correct, the
early history of metazoans and the relationship between sponges, placozoans, ctenophores,
cnidarians, as well as bilaterians is not resolved. A clear example of this confusion is the
phylogenic position of the placozoan Trichoplax adhaerens (Fig. 11). On the basis of
morphological features Trichoplax has always been thought to be a basal animal and one of
the most convincing hypothesis places Trichoplax together with Eumetazoa, to the exclusion
of sponges, in a group called Epitheliozoa (Fig. 11A; Ax 1996). In the last decade, with the

rise of molecular phylogenetics, several analyses were carried out with the /8S ¥RNA and 28S
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rRNA genes to determine the relationship of animal phyla. All possible combinations of
grouping Trichoplax with others non-bilaterians were reported. Trichoplax has been suggested
to be a sister group of cnidarians (Fig. 11B; Philippe et al. 1994; Wainright et al. 1993) or it
has been suggested to belong to the cnidarians itself (Bridge et al. 1995). Moreover,
Trichoplax has been grouped with ctenophores, as a sister group of cnidarians (Fig. 11C;
Odorico and Miller 1997) and most recently as a sister group of the bilaterians, to the
exclusion of cnidarians, ctenophores and sponges (Fig. 11D; Collins 1998; Collins 2002).
Further analysis of Trichoplax genes and comparison with sponges, cnidarians, ctenophores,
and bilaterians may reveal the presence of additional shared genes with potential significance

to the evolutionary pathway and the origin of metazoans.

A Other Bilateria B Bilateria
Flatworms Placozoa
Ctenophora Cnidaria
Cnidaria Ctenophora
Placozoa Porifera
Porifera
Outgroup Outgroup

C Bilateria D Bilateria
Ctenophora Placozoa
Placozoa Cnidaria
Chnidaria Ctenophora
Porifera Porifera
Outgroup Outgroup

Fig. 11. Four alternative evolutionary hypotheses for the Phylum Placozoa (after Collins 1998).

Phylogeny within sponges and cnidarians
Besides the evolutionary position of basal phyla, there are also arguments about the
relationship of different classes within these phyla. It is not even clear whether all these phyla
have a monophyletic origin, putting in question the origin of metazoans itself. While the
monophyletic origin of ctenophores is accepted from both morphological and molecular
points of view (Podar et al 2001) and placozoans consist of only one specie, sponges and
cnidarians are discussed the position of classes belonging to sponges and cnidarians are most
discussed.

Although cladistic analyses of morphological data have concurred in suggesting that
Porifera are monophyletic, two opposing views have arisen from these studies (Boger 1988;
Mehl and Reiswig 1991). One hypothesis holds that the two groups of cellular sponges,

Calcarea and Demospongia, are the sister group of the syncytial sponges, Hexactinellida
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(Mehl and Reiswig 1991). The contrasting view is that the two sponge groups with siliceous
spicules (Hexactinellida and Demospongia) form a sister group to sponges with calcareous
spicules, Calcarea (Boger 1988). An alternative to both these hypotheses, weakly suggested
by /8S rRNA data, is that Calcarea is actually more closely related to nonsponge animals than
it is to the other sponges (Cavalier-Smith et al. 1996, Peterson and Eernisse 2001; Collins
2002). Further evidence that Calcarea may be the sister to Eumetazoa comes from amino acid
sequences of protein kinase C (Schuetze et al. 1999). These studies differ from those derived
from 18S data by faintly suggesting that Hexactinellida may be the sister group to all other
metazoans (Medina et al. 2001). Anyway, combination of 28S and 18S complete sequences
unequivocally contradict this hypothesis and the proposal that Calcarea and Demospongia
form a clade (Medina et al 2001), leaving two hypotheses pertaining to sponge phylogeny for
further consideration. Porifera may be monophyletic, with Calcarea sister to the siliceous
sponges, or Porifera may be paraphyletic, with Calcarea forming a clade with Eumetazoa.
Nevertheless, three independent sets of molecular data show sponges to be paraphyletic 18S,
28S, and protein kinase C, implying that this alternative is most likely. If true, then an animal
with sponge characteristics is in the direct ancestry of non-sponge animals.

Evolutionary relationships among the four extant cnidarian classes and specially the
position of the anthozoans were the subject of many debates until the rise of molecular
phylogeny (Hyman 1940, Schuchert 1993b). Anthozoans were alternatively considered the
most basal or the most derived group. The former hypothesis assumes that the polyp is the
original body form, with the medusa (and metagenesis) being derived. The latter perspective
is that, in the life cycle, the medusa is gametogenic, and so constitutes the definitive, or adult,
stage, with the polyp being a persistent larva. Thus, the polyp may have evolved secondarily,
and loss of the original body form, the medusa, places Anthozoa as the most derived form. A
comprehensive morphological cladistic analysis by (Schuchert 1993b) supports the basal
position of Anthozoa with the Scyphozoa and Cubozoa being more closely related to each
other than to Hydrozoa. 18S rDNA also supports the basal position of anthozoans, but do not
resolve the relationships among Scyphozoa, Cubozoa and Hydrozoa (Bridge et al. 1995,
Collins 2002).
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T-BOX GENES

T-box genes encode transcription factors that share a conserved DNA-binding domain of
180-200 amino acids, called the T-box domain. In the past ten years cloning and expression
analysis of an increasing number of T-box genes from all metazoans brought progress in
understanding the various roles that T-box genes have in animal development. It has been
demonstrated that they are involved in the cellular movement during gastrulation, in the
formation of the mesoderm and its derivates and several of them have been linked to heritable
human diseases. No T-box gene, however, can be recognized in genomes of fungi, plants or
parasitic protists (Papaioannou 2001). The T-box domain is able to recognize half of a
palindromic binding site in DNA (Miiller and Herrmann 1997). On the base of sequence
homology several T-box subfamilies can be recognized. There is still some confusion about
the classification of the 5 to 8 subfamilies and the nomenclature in different species
(Papaioannou 2001; Ruvinsky et al. 2000), but at least comparisons of amphioxus and

vertebrates suggests a conservative evolution of this gene family (Fig. 12).
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Fig. 12. T-box gene family. By comparing human, amphioxus, Drosophila and C. elegans T-box genes 7
subfamily can be recognized. The Tbx subfamily and additional C. elegans genes have been excluded (after
Ruvinsky et al. 2000).
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Evolutionary conserved roles of Brachyury

Brachyury, or T, was the first T-box gene cloned (Herrmann et al. 1990). Brachyury was
originally identified in mice; heterozygous mutant animals have a short tail, while
homozygous individuals die in utero and lack a notochord and mesoderm posterior to somite
7 (Dobrovolskaia-Zavadskaia 1927; Gluecksohn-Schoenheimer 1938). Homologs of
Brachyury have been isolated from other vertebrate species, including Xenopus, zebrafish and
chicken, and these homologs display similar expression patterns during embryogenesis. The
function of Brachyury also appears to be conserved. In particular, the zebrafish gene no fail
(ntl), which was originally identified during screens for early embryonic lethal mutations
(Walker and Steisinger 1983), proved to be a homologue of Brachyury (Schulte-Merker et al.
1994). Experiments in Xenopus demonstrate not only that Brachyury is necessary for normal
mesoderm formation, but also that it is sufficient to induce mesoderm when misexpressed in
prospective ectodermal tissue (Cunliffe and Smith 1992). Brachyury homologues were found
as well in several invertebrates, with a similar role in posterior mesoderm specification. The
Drosophila Brachyury homologue brachyenteron (byn) as well as the homologues of other
insects are expressed mainly in the hindgut, but are not present during the formation of
mesoderm (Kispert et al. 1994). Still byn induces the formation of one muscle/pericardial
precursor cell in each parasegment. The functions of byn in mesodermal development of
Drosophila may be comparable to the roles of the vertebrate Brachyury genes during
gastrulation (Kusch and Reuter 1999). There is no clear orthologue identifiable in the model
organism Caenorhabditis elegans, although there are even more, but highly derived T-box
genes found in the complete genome sequence of this worm (The C. elegans Sequencing
Consortium 1998). However, C. elegans mab-9 mutants are defective in hindgut and male tail
development showing a phenotype comparable to Drosophila byn (Woollard and Hodgkin
2000). mab-9 has been cloned and encodes a member of the T-box family the closest relatives
of mab-9 are the human gene TBX20 and the Drosophila gene H15, that clearly belong to a
different T-box subfamily than Brachyury.

Among bilaterians several species show a similar pattern of Brachyury expression. For
instance, in the mollusc Patella vulgata, as soon as the four-fold symmetry has been broken,
Brachyury is a expressed in the D quadrant, and remains a marker of the posterior pole of the
AP axis up to the end of larval development, until the whole axis is laid down (Lartillot et al.
2002). During embryogenesis of the polychaete Platynereis dumerilii (Arendt et al. 2001),
where Brachyury expression is first detected at 8 h of development in vegetal cells around the

closing blastopore, than in the post-gastrula larva, Brachyury demarcates the outline of the
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closed, slit-like blastopore. From anterior to posterior, the stained cells represent developing
ventral foregut (stomodaeum), ventral midline cells and developing hindgut (proctodacum)
surrounded by a few posterior mesodermal cells. In the late trochophora larva, Brachyury
expression is restricted to the ventral portion of the developing foregut and to the developing
hindgut and this closely resembles Brachyury expression in the ciliary larvae of basal
deuterostomes (Arendt et al 2001).

On a broader scale, it appears that the mesoderm formation linked to the progressive
growth of the AP axis, in an anterior to posterior sequence and through the activity of a
posterior growth zone, is observed in diverse phyla across Bilateria as, for instance, insects,
polychaetes and chordates. In vertebrates, the posterior pole of the developing axis is the
organizer, in the form of the superior lip of the blastopore of fish and frog, or the node of
amniotes, and later on, the chordo-neural hinge of the tail bud. Brachyury is expressed in the
vertebrate organizer during the major part of embryonic development, and genetic studies in
mouse and fish show that this expression is necessary for AP axis formation. This striking
similarity is in favour of the hypothesis that the progressive growth of the AP axis represents
a conserved developmental process which, already in Urbilateria (the last common ancestor of
insects and vertebrates), would have taken the form of an organizing posterior growth zone,
controlled by a genetic system involving Brachyury, among others (Arendt et al 2001).

Brachyury homologues have been identified also in cnidarians. In Hydra vulgaris, a
simple fresh-water polyp with only two cell layers, Brachyury is expressed in the endoderm
and is associated with the formation of the hypostome (Technau and Bode 1999). In the
marine hydrozoan jellyfish Podocoryne carnea, however, Brachyury is expressed in the
entocodon, a third mesoderm-like layer characteristic of the medusa bud development (Spring
et al. 2002). In the anthozoan sea anemone Nematostella vectensis, Brachyury is expressed
around the blastopore during the early stages of development and later in the mesenteries,

invaginating septae of the polypoid sea anemone (Scholz and Technau 2003).

Involvement of other T-box gene subfamilies in mesoderm formation

On the basis of genetic studies in species ranging from humans to worms three other T-box
genes has emerged beside Brachyury that play roles in mesoderm formation. These are
Eomesodermin (Eomes), Thx6 and VegT. Eomes was first identified in Xenopus, where it was
shown to be involved in mesoderm development (Ryan et al. 1996). Mouse Eomes mutant
embryos arrest soon after implantation, and tetraploid chimera analyses demonstrates that

Eomes is required in the embryo for mesoderm formation (Russ et al. 2000). Eomes mutant
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cells can occasionally adopt mesodermal fates in chimeras, suggesting that Eomesodermin
may function to recruit cells into the primitive streak (Russ et al. 2000).

In the mouse embryo, Thx6 is expressed in the primitive streak, the paraxial mesoderm,
and the tail bud (Chapman et al. 1996). In Thx6 mutant embryos, posterior paraxial mesoderm
develops as neural tissue, suggesting that 7hx6 is required in paraxial mesoderm to block
neural development (Chapman and Papaioannou 1998). The zebrafish tbx6 gene, although not
considered the true ortholog of mouse 7bx6 (Ruvinsky et al. 1998) is expressed very similarly
to the mouse gene (Hug et al. 1997).

A third gene, VegT, was isolated initially in Xenopus (Zhang and King 1996). VegT
transcripts are present maternally in the vegetal hemisphere of the embryo, and the gene is
then zygotically activated throughout the mesoderm in a slightly broader domain than Xbra
(Horb and Thomsen 1997). The zebrafish spadetail gene (named also 7hx[6), originally
identified by mutation, is a VegT ortholog (Griffin et al. 1998). As opposed to VegT in
Xenopus, spadetail transcripts are not present in zebrafish eggs; VegT/spadetail is expressed
in lateral mesoderm in both fish and frogs and in prechordal plate mesoderm in fish, but not
frogs (Griffin et al., 1998; Ruvinsky et al., 1998). Homozygous spadetail mutant embryos lack
trunk somites and later are deficient in trunk muscle; additional analyses demonstrate that
spadetail is required in trunk somitic precursors for convergence movements and for muscle
cell fate decisions (Yamamoto et al. 1998).

Eomes forms with Thrl and Thx21 a highly conserved subfamily most closely related to
the Brachyury subfamily. Thx6 and VegT, however, appear to be highly derived T-box genes

with only one 7hx6 homologue and no VegT equivalent in mammals

Developmental roles of Thx2/3 and Tbx4/5 gene subfamilies in vertebrates

A different T-box gene subfamily that has important roles in vertebrate limb development is
formed from two cognate gene sets, Thx2-Thx3 and Thx4-Thx5. Expression of these genes has
been studied in the developing mouse (Gibson-Brown et al. 1996), in chick limb (Gibson-
Brown et al. 1998), in Xenopus limb (Takabatake et al. 2000), in the developing and
regenerating limb of the newt (Simon et al. 1997) and as well in zebrafish (Tamura et al.
1999). The expression patterns of these genes between species are remarkably similar,
indicating a high degree of functional conservation of these cognate genes during evolution.
However, differences in expression between species were also found and may reflect the

morphological differences of the individual appendages.
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Tbx2 and Thx3 expression resolves during the early stages of forelimb/wing/fin and hind
limb/wing/fin development to a similar and characteristic pattern of two proximo-distal bands
of expressing cells, one in the anterior and one in the posterior margin of the limb bud
mesenchyme. 7hx4 and Thx5 are expressed many hours prior to overt outgrowth of the leg
and wing, respectively, and appear to identify the area of cells of the lateral plate mesoderm
that are destined to from the limb skeletal and cartilage elements. In addition, they remain
remarkably limb-type-specific; Thx4 is expressed throughout the mesenchyme of the posterior
limb/leg/fin buds, whereas Tbx5 is expressed throughout the mesenchyme of the anterior
limb/wing/fin buds. Two diseases, characterized by defects in limb development, are
associated in humans with the Tbx2/3 and Tbx4/5 subfamilies, the Holt-Oram syndrome due
to the TBX5 mutations and the ulnar/mammary syndrome due to TBX3 mutations

(Papaioannou 2001).

Hypothesis for the origin of Tbx2/3 and Tbhx4/5 gene subfamilies

Members of the T-box gene family are found at different chromosomal locations, however, it
was shown that in mouse 7hx2 and Thx4 are tightly linked on chromosome 11, and the 7hx3
and 7hx5 are similarly linked on chromosome 5 (Agulnik et al. 1996). The clustered
organization has been confirmed also in humans (Yi et al. 2000). Agulnik and co-workers
have developed a model for the evolution of the T7hx2/3/4/5 subfamily (Fig. 13; Agulnik et al.
1996).

primordial gene
Thx2/3/4/5

unequal crossover

A"//‘\

Thx2/3 Thx4/5

cluster duplication / transposition

\

Thx2 Thx4
Y
v cognate loci
-]
Thx3 Tohxs

Fig. 13. Origin of the cognate genes 7hx2-Thx3 and Thx4-Thx5 in vertebrates (after Algunik et al. 1996)

They propose that a single primordial 7bx2/3/4/5 gene underwent an unequal crossing-
over event to produce 7bx2/3 and Tbx4/5 progenitor genes, probably at a time close to

divergence of the vertebrate and invertebrate lineages when complete genome duplications are
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thought to have occurred (Holland et al. 1994). Later during vertebrate evolution, before the
origin of tetrapods, a whole cluster duplication or transposition event gave rise to the 7hx2-
Tbx4 cluster on one chromosome and the 7hx3-Thx5 cluster on a second chromosome,
generating two cognate gene pairs. In all species studied, the sequences encoding the T-
domain are interrupted by either three or four introns (Wattler et al. 1998). The position of the
introns combined with the primary protein sequence serve as a reliable feature for grouping
similar genes into distinct subfamilies, and independently support the view that a tandem
duplication and cluster duplication event created the 7hx2-Thx4 and Thx3-Thx5 loci (Wattler
et al. 1998).

Tbx2/3 gene subfamily in invertebrate

Members of the Tbx2/3 subfamily have been found in several invertebrates, but no members
of the Tbx4/5 subfamily have been identified in invertebrates, so far. In Drosophila the
Tbhx2/3 homologue is bifid (bi; or optomotor blind) and it is involved in differentiation of the
brain, the CNS, the wing and in patterning of adult abdominal segments, which are all
ectodermally derived tissues (Kopp and Duncan 1997; Pflugfelder et al. 1992). In the nervous
system, bi is found in both neurons and glia (Poeck et al. 1993). In the sea urchin Lyftechinus
variegates, Lvtbx2/3 is involved in formation of the oral-aboral axis of the sea urchin embryo.
In fact, an asymmetric distribution of Lvtbx2/3 is observed in the aboral territories of all three
germ layers and ectopic expression of Lvtbx2/3 produced profound morphogenetic defects in
derivatives of each germ layer with no apparent loss in specification events in those tissues
(Gross et al. 2003). Thus, LvThx2/3 functions as a regulator of morphogenetic movements in
the aboral compartments of the ectoderm, endoderm and mesoderm. Besides these data on
these two species there are no functional studies available, which does not allow formulating a
hypothesis about the conservation of role during evolution between the ancestral 7hx2/3 and

derived Thx2, Thx3 or even Thx4 and Thx5 genes.

Is the role of Tbx20 gene subfamily conserved in evolution?

The Tbx20 subfamily seems to be especially highly conserved during evolution. It was shown
that Drosophila H15 and zebrafish thx20 are both expressed early during heart formation, in
strong support of previous work postulating that vertebrate and arthropod hearts are
homologous structures with conserved regulatory mechanisms (Griffin et al. 2000).
Orthologues of zebrafish thx20 were isolated from chick (lio et al. 2001) and Xenopus (Brown

et al. 2003) and the role in hearts development is conserved in both. This evolutionary view of
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a conserved role for the Tbx20 subfamily is disturbed by the ortologue of H15 in C. elegans,
which is mab-9 and has a function more comparable to Brachyury than to other T-box genes
(Woollard and Hodgkin 2000).

Another T-box gene subfamily, the Tbx1/10 subfamily, had attracted attention due to the
strong evidence suggesting 7bhx/ as the responsible gene for the major aortic arch defects,
which characterize DiGeorge/velo-cardio-facial syndrome (Jerome and Papaioannou 2001;
Lindsay et al. 2001). Among invertebrates a 7hx/ homologue was found only in Drosophila

(Porsch et al. 1998), but no functional information is as yet available about this gene.
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Chapter 1 Abstract

CHAPTER 1

Distinct expression patterns of the two T-box homologues

Brachyury and Tbx2/3 in the placozoan Trichoplax adhaerens

Abstract Trichoplax adhaerens is the only species known from the phylum Placozoa
with one of the simplest metazoan body plans. In the small disc-like organism an upper and a
lower epithelium can be distinguished with a less compact third cell layer in between. When
Trichoplax was first described in 1883, the relation of these three cell layers with ectoderm,
endoderm and mesoderm of higher animals was discussed. Still little is known about
embryonic development of Trichoplax, however, genes thought to be specific for mesoderm
in bilaterian animals turned out to be present in non-bilaterians already. Searching for a
Brachyury homologue, two members of the T-box gene family were isolated from 7Trichoplax,
Brachyury and a Thx2/3 homologue. The T-box genes encode a transcription factor family
characterized by the DNA-binding T-box domain. T-box genes were found in all metazoans
so far investigated, but in contrast to other transcription factors such as the homeobox family,
T-box genes are not present in plants or fungi. The distinct expression patterns of two T-box
genes in Trichoplax point to non-redundant functions already at the beginning of animal
evolution. Since the expression patterns derived by in situ hybridization do not overlap with
anatomical structures, it can be concluded that this simple animal has more than the four cell
types described in the literature. This hidden complexity and the unresolved position in
relation to Porifera, Cnidaria, Ctenophora and Bilateria highlight the necessity of the inclusion

of Trichoplax in studies of comparative evolutionary and developmental biology.

Keywords  T-box, Brachyury, Placozoa, Trichoplax, evolution
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Introduction

Trichoplax adhaerens is an enigmatic species described for the first time by Schulze (1883),
who was not able to put it in any known phyla due to its peculiar characteristics. Already in
these early studies the main features, such as the small size of only a few millimetres with a
constant thickness of 0.02 mm, no symmetry axis, no organs, a dorso-ventrally three-layered
body and continuous changes in shape were observed. The description of this new animal type
in German had an immediate echo in the scientific community and an English report appeared
in the first volume of Science (Minot 1883). An apparently related species was observed in
Naples and named Treptoplax reptans by F. S. Monticelli, but since this original description it
was not found again. Later, Trichoplax was described as the planula larva of the hydrozoan
Eleutheria krohi (Krumbach 1907). Although this work was criticized (Schubotz 1912), the
idea of Trichoplax as a hydrozoan larva was accepted and reported in textbooks (Hyman
1940). Trichoplax disappeared from the literature until 1971, when new observations
suggested that Trichoplax is not a larva (Grell 1971; Miller 1971). Trichoplax is now thought
to be the only species from the phylum Placozoa (Grell and Ruthmann 1991; Ruppert and
Barnes 1994; Syed and Schierwater 2002).

The body structure of Trichoplax consists of an upper thin epithelial layer with stretched
mononuclear cells, a basal epithelial layer with two cell types, column-shaped cells with cilia
and round-shaped cells, called gland cells, without cilia. Between these two layers there are
star-shaped cells, that form a syncytial net. Trichoplax move by changing their shape similar
to amoebae, due to the contraction of the microtubular system of the star-shaped cells
(Thiemann and Ruthmann 1989). A nervous system seems to be missing, but with an antibody
against RFamide, which recognizes neuropeptides in many animal phyla, a few isolated cells
can be detected (Schuchert 1993a). The feeding system is located in the ventral layer;
particles already digested by enzymes produced from the gland cells can be incorporated by
endocytosis (Ruthmann et al. 1986). Apparently, Trichoplax is missing a structured
extracellular matrix and a recognizable basal lamina (Grell and Ruthmann 1991). The
epithelial cells are connected by belt desmosomes in both epithelial layers and no other type
of junction has been described (Ruthmann et al. 1986). Feulgen cytometry has shown that
Trichoplax 1is the species with the lowest amount of DNA of all the Metazoa (Ruthmann and
Wenderoth 1975).

As Schulze noticed in 1883, the three layers of Trichoplax could be compared to

ectoderm, mesoderm, and endoderm of higher animal, but this could be proved or disproved
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only by comparing developmental processes. Unfortunately, still little is known about
reproduction of Trichoplax. In aquaria, it does it irregularly by fission. Under special
circumstances it was observed to build hollow swarmer spheres, stolons and eggs developing
to up to the 64 cells blastula stage (Grell 1971; Ruthmann et al. 1981; Thiemann and
Ruthmann 1991). Without the natural clues to the regulation of the life cycle of this peculiar
animal, it will be difficult to find the relevant life stages. We could address, however, the
question whether so-called mesoderm-specific genes known from triploblasts are already
present in Trichoplax and where and eventually when they are expressed. With that aim we
decided to investigate Brachyury and the T-box transcription factor gene family.

Members of the T-box gene family have been found in all the animal phyla so far
investigated (Papaioannou 2001; Technau 2001), but no T-box gene can be recognized in
genomes of fungi, plants or parasitic protists. The main feature of the protein is the conserved
region of about 180 amino acids, called T-box domain that is characteristic of the family. The
T-box domain is able to recognize half of a palindromic binding site in DNA (Miiller and
Herrmann 1997). There is still some confusion about the classification of the 5 to 8
subfamilies and the nomenclature in different species (Papaioannou 2001; Ruvinsky et al.
2000), but at least comparisons of amphioxus and vertebrates suggests a conservative
evolution of this gene family. Among the T-box family members the best studied is the
founding member Brachyury or T, which is expressed during the gastrulation in the organizer
and later along the AP axis of all the bilaterians that have been investigated so far (Arendt et
al. 2001; Lartillot et al. 2002; Takada et al. 2002; Technau 2001). In chordates, Brachyury is
involved in notochord formation (Amacher et al. 2002). Brachyury homologues have been
identified also in cnidarians, which should be distinguished from bilaterians by the absence of
mesoderm. In Hydra vulgaris, a simple fresh-water polyp with only two cell layers,
Brachyury is expressed in the endoderm and is associated with the formation of the
hypostome (Technau and Bode 1999). In the marine hydrozoan jellyfish Podocoryne carnea,
however, Brachyury is expressed in the entocodon, a third mesoderm-like layer characteristic
of the medusa bud development (Spring et al. 2002). In the anthozoan sea anemone
Nematostella vectensis, Brachyury is expressed around the blastopore during the early stages
of development and later in the mesenteries, invaginating septae of the polypoid sea anemone
(Scholz and Technau 2003).

Trichoplax and Placozoa are often missing in phylogenetic studies and discussions on
the relationship of animal phyla. In some studies based on /8S ¥rRNA (Wainright et al. 1993;
Philippe et al. 1994; Bridge et al. 1995; Odorico and Miller 1997; Collins 1998) or 28S rRNA
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sequences (Christen et al. 1991) Trichoplax is included and appears to belong to the
cnidarians or as sister-group of cnidarians, ctenophores or bilaterians. While this manuscript
was in preparation, a further discussion of Trichoplax phylogeny based on mitochondrial
rRNA sequence and structure confirming that Placozoa are not derived Cnidaria appeared
(Ender and Schierwater 2003). Only two partial sequences of protein coding genes have been
published so far; one a fragment of the homeobox gene Trox-2 (Schierwater and Kuhn 1998),
a homologue of the ParaHox gene Gsx and the other one a fragment of Pax-B (Grdger et al.
2000), a homologue of Pax2/5/8, both known from a wide variety of animals including non-
bilaterians.

With the first in situ hybridizations of Trichoplax we present a molecular approach to
the description of this elusive animal. Genes such as Brachyury, Tbx2/3, elongation factor-1
alpha (EFla) or actin are highly conserved and often more similar to human sequences than
to invertebrate model organisms. Not so surprisingly, there are also genes such as Secpl
coding for a putative small secreted protein without recognizable sequence similarities. But
together, they provide evidence that the gene repertoire of this simple animal is comparable to
those of higher animals and the complex expression patterns seen with Brachyury, Thx2/3 and
Secpl already indicate that Trichoplax consists of more than the four cell types described in

the literature.
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Materials and methods

Animals

Trichoplax adhaerens appear regularly on the glass walls of marine aquaria maintained to
culture the hydrozoan jellyfish Podocoryne carnea. Animals are removed from the glass walls
of the aquaria by a blow with a Pasteur pipette and transferred to a clean glass dish. They
were left to adhere on the glass surface for about 2-3 hours and washed 4 times with Millipore
filtered sea water. Individual specimens were selected for longer cultures, RNA and DNA

extractions or in situ hybridization experiments.

Molecular cloning and sequence comparison

Genomic DNA and total RNA were isolated from Trichoplax by using the TriReagent
(Molecular Research Center) according to the manufacturer‘s recommendations. First strand
cDNA was synthesized with the anchored oligo (dT) primer XT20V (5'-GGC AGG TCC
TCG TTG ACT CGA GAC GT(20)(AGC)-3") by using the SMART RACE cDNA

Amplification Kit (Clontech). With the Smart cDNA we were able to conduct homology PCR,
3" and 5' RACE to obtain the full length of Brachyury, Tbx2/3 and EFIla homologues of
Trichoplax. A 113 bp Brachyury fragment was amplified with the set of degenerated primers
TF1 and TR1 (Spring et al. 2002), followed by TF2 (5'-TT(CT) GG(AGCT) CA(CT) TGG
ATG-3") and TR2 (Spring et al. 2002); a 308 bp 7bx2/3 fragment was amplified with the set
of degenerated primes TF1 and TR1 followed by TF1 and TR2. For each PCR round standard
conditions were used, except that the annealing temperature was 37°C for the first PCR round
of 20 cycles. In the second PCR round the annealing temperatures were 37°C for 10 cycles
and 45°C for 35 cycles. A 239 bp EF'la fragment was amplified with the degenerated primers
uEF (5'-AAG TCA GT(AGCT) GA(AG) ATG CA(CT) CA(CT) GA-3") and uER (5'-GCA
AT(AG) TG(AGCT) GC(AGCT) GT(AG) TG(AG) CA(AG) TC-3"); for the PCR standard
condition with two different annealing temperature, 40°C for 10 cycles and 50°C for 40
cycles, were used. PCR products of the expected size were gel purified with a Qiaquick
column (Qiagen), subcloned in the pCRII-TOPO vector (TOPO TA cloning Dual Promoter
kit, Invitrogen) and sequenced on an ABI PRISM 310 genetic analyser (Applied Biosystems).
Based on the sequences gene-specific primers were designed to carry out the 5' and 3' RACE

as described (Miiller et al. 1999; Yanze et al. 2001). Clones with the complete coding
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sequences were isolated for Brachyury (1872 bp), Thx2/3 (2439 bp) and EFla (1635 bp). The
full length coding sequences of Secp! (737 bp) and an actin homologue (1351 bp) were found
by random screening of clones, that were obtained by using as insert the PCR product on
SMART c¢DNA amplified with the primers Nupl (5'-AAG CAG TGG TAT CAA CGC AGA
G-3") and X1 (5'-GGC AGG TCC TCG TTG ACT CG-3') subcloned in the pCRII-TOPO
vector. The Trichoplax Brachyury, Thx2/3, Secpl, actin and EFla sequences described here
have been submitted to the DNA databases with the accession numbers AJ549221-5,
respectively. Podocoryne Efla is available under AJ549292.

Nucleotide and deduced amino acid sequences were analysed by using the GCG
software package. BLAST searches (Altschul et al. 1997) were performed on the blast
network service at the NCBI (http://www.nbci.nlm.nih.gov). Sequences from representative
species were retrieved from BLAST searches with Trichoplax and human homologues; a
detailed list of accession numbers and the alignments are available on request. Multiple
sequence alignments and phylogenetic trees based on the neighbour-joining method were
generated with Clustal X (Jeanmougin et al. 1998) and maximum likelihood trees calculated

with TREE-PUZZLE (Schmidt et al. 2002).

In situ hybridisation

Whole mount in situ hybridisation experiments were carried out with adaptations to the
protocol described for Podocoryne carnea (Yanze et al. 2001; Spring et al. 2002). Animals
were fixed overnight at 4°C in Lavdowsky fixative supplemented with 0.2% glutaraldehyde;
washing 3 times for 30 min in PBST (0.1% Tween20 in PBS); stepwise increase of the
concentration from 15%, 30%, 45%, 60%, 75%, 90% and 100% of step-HB (5 x SSC; 50%
formamide; 50 mg/l heparin; 0.1% Tween20) in 5 x SSC, shaking at each step 10 min at room
temperature (RT); prehybridisation in hybridisation buffer (HB) (5 x SSC; 50% formamide;
50 mg/l heparin; 100 mg/l tRNA from E. coli (Sigma type XXI R4251); 0.1% Tween20) for
1h at 50°C; hybridisation with DIG-labelled antisense probe (approximately 20 ng/ml HB)
over night at 50°C; washing 2 times for 20 min at 50°C with WS1 (5 x SSC; 50% formamide;
0.1% Tween20), WS2 (2 x SSC; 50% formamide; 0.1% Tween20), WS3 (2 x SSC; 0.1%
Tween20) and WS4 (0.2 x SSC; 0.1% Tween20); incubation in PBST for 5 min, in blocking
solution (1% blocking reagent; 100 mM maleic acid pH 7.5; 150 mM NacCl) for 1h at RT and
with anti-DIG-AP Fab fragments 1:5000 in blocking solution overnight at 4°C; washing 3
times with PBST and equilibration in TMNT (100 mM Tris-HCI, pH 8; 50 mM MgCl2 ; 100
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mM NaCl; 0.1% Tween20) for 30 min at RT. Detection was done by incubation of the
specimens in TMN (100 mM Tris-HCI, pH 8; 50 mM MgCl2 ; 100 mM NaCl) with 340 mg/1

NBT and 175 mg/l BCIP. When the chromogenic reaction was ready (2 to 4 hours), it was
stopped by washing the specimens in PBST. DIG-RNA-labelled probes were synthesized
according to the manufacture's recommendation (DIG-RNA-labelling, Roche). The DNA
fragments for Brachyury and Thx2/3 probes were amplified with primers designed outside the
T-box domain as following: TBra F6 (5'-GTC GAC ATC AAC GCC ATT AGG-3') and TBra
R4 (5'-TAC TTT GCT ACT TGT TTG ATA-3"), TTbx F4 (5-GAC ATG TGC AGA AGT
AAC TAA AGG-3") and TTbx R7 (5-TTC TTG AGT ACG GAA TTT TCT CG-3"). These
fragments were subcloned in the pCRII-TOPO vector (TOPO TA cloning Dual Promoter kit,
Invitrogen) and used as template for the probe synthesis. The equivalent was done for Secp!
using the primer set TSecl F1 (5'-TAA CTG TAA GGA CTG AAA AAT-3") and TSecl R1
(5'-TTC GAA ATC CTT ATC GTG AAA C-3").

After in situ hybridisation some samples were processed for sectioning: postfixation in
4% paraformaldehyde at RT overnight; dehydration by incubation in ethanol 30%, 50%, 80%,
90%, 95% and 100% for 1 h at RT, respectively; incubation in 50% ethanol/histo-clear
overnight at RT; incubation in histo-clear for 20 min at 58°C; transfer to 50% histo-
clear/parablast for 1 h at 58°C; embedding twice in parablast, the first time 1h at 58°C and the
second time overnight at 58°C; hardening in a 14°C water bath for 10 min; mounting on block
carrier; cutting at microtome in slices of 10 um (Microm HM 360); stretching sections on
water warmed at 37°C for 1 h; mounting sections on slides previously washed in 50%
ethanol/ether and dried for 1 h; washing the slides in histo-clear for 10 min at RT; mounting

permanently with DPX (Fluka); covering with cover slides; hardening overnight at RT.
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Results and discussion

Highly conserved Brachyury and Thx2/3 homologues from Trichoplax

Two distinct T-box family members were isolated from 7richoplax by homology PCR. One is
clearly a member of the Brachyury subfamily and the other a member of the 7bx2/3 subfamily
that was known only from bilaterian animals. Trichoplax Brachyury is 70-80% identical to
Brachyury subfamily members and less than 55% identical to other subfamilies in the T-box
domain while little similarity can be detected outside of the T-box domain (Fig. 1A). The
conservation of the amino acid residues involved in DNA binding and dimerization suggest
that also Trichoplax Brachyury binds the typical consensus sequence as a dimer as determined
by crystallographic studies (Miiller and Herrmann 1997). Transactivation and repression
domains were defined in the C-terminal half of mouse Brachyury (Kispert et al. 1995).
Although there is little sequence conservation in the C-terminal part of Brachyury from
Trichoplax to Drosophila or vertebrates, there are at least three conserved motifs containing
proline, tyrosine or tryptophane (PY/W) in human and 7richoplax Brachyury (Fig. 1A).

Trichoplax Tbx2/3 is 60-70% identical to Tbx2/3 subfamily members and up to 60%
identical to Tbx4/5 and less related subfamilies (Fig. 1B). The complexity of the T-box family
in higher animals is best seen in the comparison of amphioxus family members to the
corresponding vertebrate and invertebrate homologues (Ruvinsky et al. 2000). In this analysis
the Tbx2/3 subfamily is most related to the Tbx4/5 subfamily specific for vertebrates and
amphioxus and less related to the Tbx1/10, Tbx15/18/22 or Tbx20 subfamilies. These five
subfamilies seem to be as similar as the Brachyury and Eomes subfamilies, while the Tbx6
subfamily appears to be more diverged.

Comparison of the two known T-box domain structures of Xenopus Brachyury and
human TBX3 explains some of the differences observed with different subfamilies (Coll et al.
2002) . TBX3 does not need to dimerize to bind DNA and consistent with this, some of the
residues required for Brachyury dimerization are not conserved in TBX3, and three out of
four of these residues are identical in Trichoplax and human Tbx2/3 family members (Fig.
1B). All residues involved in DNA binding are identical between Trichoplax and human
Tbx2/3 family members. The C-terminal part does not show any significant similarity with
other members of the subfamily, although this region should contain the activator and

repressor activities of the protein (Paxton et al. 2002). There is residual sequence similarity at
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the N-terminal end of Trichoplax Tbx2/3 with other family members, but the otherwise highly
conserved MAYHPF motif is absent (Fig. 1B).

h EF:E“LNEMIJT}
JRFPRLTHNEMIVTENGRRMFP

Wk ok k

Bra-Ta 296 mmmeemm--- KEAEﬁKSHELR PAYRPHFN V"Y Sk ICRTPR IQ P LOQTGVHPHHRMP- - - AUBRYEPYSRPAGYPQQY -----
Bra-Hs 224 sececacana SDHE| E 1 R, - np F| s- - STH DRYPTAGSEH- - - - - - - - -
Tbx19-Hs 223 -ececoean- ISESEH TR A LECW L F - - - - - - AP ------- ﬁ G\EEH SCLREC HE
Byn-Dm 2717 TH‘IGWLIPPPT YTAAARAVARPFPLS -‘.-= svssm: D Rsssnsvu'r YPRPRVVSGES NS AGNASSTSPQ

Bra-Ta 417 TAL§ E P ARAQF HPEF TVBAAAASS AD == == === HFLwImMLIL... 481
Bra-Hs 341 R ety - & < L i/~ . VTP soa Nleame 2l PR EYT[- - - == -=---=-- VEgNg- ... 393
Tbx19-Hs 345 AL el A FIRRGHIP AT S P TOEYY- ... 400
Byn-Dm 476 £ ch B RQLYTNMLNM %G, .. se9

Tbx2/3-Ta
Tbx2-Hs
Tbx3-Hs
Bi-Dm
Tbx2/3-Ce

BB

ILPSYIHRRTYKLS —SITHL | {- T TP ANSNMRDFSVNAL| ¥ITAPQPAS.
MREPALAAS TN L L L LT T T Tl AQPSFF L KPLED.
MSLSMRDPVIPGTS| L——PH AVEIG- === cmcccccecccccecaaaana. nqppn LS G

MRYDVQELLFHQSAEDPFARFAN: LQLTQ P SV SLTAGSNNNNSGNTNSGNNNSNSNNNTNSNTNNTN Gi QL
G

@ G-

LR
ey o S

Tbx2/3-Ta
Tbx2-Hs
Tbx3-Hs
Bi-Dm
Tbx2/3-Ce

Tbx2/3-Ta
Tbx2-Hs
Tbx3-Hs
Bi-Dm
Tbx2/3-Ce

CHET
onfx i1 :

A AxHHnFITJLFIINNFFA} .
FRTIGVFEETEF IAVTAYQNEEQTEHLEIJENNPFAKGF RDEIGLENS

Fig. 1. Comparisons of Trichoplax Brachyury and Tbx2/3 with family members. (A) The alignment of
Brachyury protein sequences illustrates the high similarity in the T-box domain in comparison with the low
similarity in the rest of the proteins. The T-box domain is labelled by over-lining, the residues involved in DNA-
binding are indicated with a circle and the residues involved in dimerization are indicated with a square (Miiller
and Herrmann 1997). Three conserved motifs with PW/Y residues in Trichoplax and human Brachyury, but not
Drosophila, are highlighted with asterisks in the C-terminal part. (B) For Tbx2/3 the N-terminal part and the T-
box domain are shown. The T-box domain, the residues involved in DNA-binding and dimerization are labelled
as in A. Empty circles and empty rectangles indicate critical residues not conserved between Brachyury and
Tbx2/3 families. The N-terminal end of Trichoplax Tbx2/3 clearly lacks the MAYHPF-motif conserved in
human and Drosophila. Abbreviations: Ta, Trichoplax adhaerens, Hs, Homo sapiens; Dm, Drosophila
melanogaster; Ce, Caenorhabditis elegans.

Divergent evolution of Trichoplax T-box and reference genes

Phylogenetic analyses with the neighbour-joining method and the maximum likelihood
method indicate that both T-box homologues of Trichoplax belong to well-defined
subfamilies, Brachyury and Tbx2/3 (Fig. 2A, B). Interestingly, Trichoplax Brachyury appears
to be more similar to vertebrate than to other non-bilaterian homologues. But the positioning
of the urochordate Ciona with the cnidarian Podocoryne Brachyury indicates also that this

gene tree is not reflecting the evolutionary tree correctly. It should be noted that in spite of the
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apparently high conservation of Brachyury from Trichoplax to humans there is no clear
orthologue identifiable in the model organism Caenorhabditis elegans, although there are

even more, but highly derived T-box genes found in the complete genome sequence of this

worm (The C. elegans Sequencing Consortium 1998).

Bra-Hs (Vertebrates)

Bra-Ta (Placozoa)

Bra-Pd (Annelids)

Bra-Pv (Molluscs)
Byn-Dm (Arthropods)

100/91 Bra-Ci (Urochordates)

Bra-Pc¢ (Cnidarians)

Eomes-Hs (Vertebrates)

EF1a-Hs (Vertebrates)

EFla-Es (Annelids)

EF1a-Ta (Placozoa)

EF1a-Ge (Porifera)

EFla-Dm (Arthropods)

EF1a-Be (Ctenophores)

B _bez -Hs (Vertebrates)
Thx3-Hs (Vertebrates)

Bi-Dm (Arthropods)

=
=
b

Thx2/3-Ci (Urochordates)

Thx2/3-Ce (Nematodes)

Tbhx2/3-Ta (Placozoa)

100/99 [ Tbx4-Hs (Vertebrates)

l—'l‘hx 5-Hs (Vertebrates)

0.01 Actin-Hs (Vertebrates)

Actin-Ce (Nematodes)
Actin-Dm (Arthropods)
Actin-Dp (Molluscs)
Actin-Lt (Annelids)

EF1a-Pe¢ (Cnidarians)
EFl1a-Ce (Nematodes)
EF1a-Dp (Molluscs)
EF1a-Sc (Fungi)

Actin-Pe¢ (Cnidarians)

Actin-Ta (Placozoa)

Actin-S¢ (Fungi)

Arthropods
—E Nematodes

Ecdysozoans

002 18S-Hs (Vertebrates) 4 others
18S-Dp (Molluscs)
100/100 18S-Lt (Annelids) ,\k‘i"llfics
Annelids Lophotrochozoans
185S-Ce (Nematodes) 7 others
185S-Dm (Arthropods)
18S-Pe (Cnidarians) Echinoderms
Hemichordates Deuterostomes

185-Ta (Placozon) Urochordates
185-Be (Ctenophores) Vertebrates

185-Em (Porifera) I Cienophores
18S-Se (Fungi) ——————————— Cnidarians Non-bilaterians
L Placozoa
Ponfera
Fungi

Fig. 2. Phylogenetic trees based on neighbour-joining and maximum likelihood methods generated with Clustal
X and TREE-PUZZLE. (A) Trichoplax and human Brachyury form a weak clade within the well-supported
Brachyury family. (B) Trichoplax Tbx2/3 is at the base of all known Tbx2/3 family members but clearly
separated from other sub-families. (C) Trichoplax EF1a groups with a sponge, but not with other non-bilaterians.
(D) Trichoplax and cnidarian actins form a clade at the base of animal actins. (E) Trichoplax 18S rRNA forms a
clade with cnidarians within other non-bilaterians. (F) Simplified phylogeny of the animal kingdom based on
18S rRNA sequences (Holland, 1999). Numbers on the branches indicate the percentage of 1000 bootstrap
replicates that support the topology shown calculated with Clustal X or TREE-PUZZLE. The bar represents the
number of substitutions per site. Human eomesodermin was included as outgroup for the Brachyury family and
TBX4 and TBXS for the Tbx2/3 family, respectively. For the other genes, yeast homologues were used for
rooting the trees. Abbreviations: Hs, Homo sapiens; Ta, Trichoplax adhaerens; Pd, Platynereis dumerilii; Pv,
Patella vulgata; Dm, Drosophila melanogaster; Ci, Ciona intestinalis; Pc, Podocoryne carnea; Ce,
Caenorhabditis elegans; Es, Enchytraeus sp.; Gc, Geodia cydonium; Bc, Beroe cucumis; Dp, Dreissena
polymorpha; Sc, Saccharomyces cerevisiae; Lt, Lumbricus terrestris; Em, Ephydatia muelleri.
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The Tbx2/3 tree shows that the Trichoplax homologue belongs to this subfamily, even
to the exclusion of the Tbx4/5 subfamily found in vertebrates. An ancestral tandem
duplication is thought to have occurred before the subsequent cluster duplication in
vertebrates (Agulnik et al. 1996; Ruvinsky et al. 2000). Thus, a 7hx2/3-Tbx4/5 like gene pair
was probably already present close to the Hox cluster in an amphioxus-like animal at the
beginning of vertebrate evolution. Now, the TBX2-TBX4 gene pair is linked to the HoxB
cluster and TBX3-TBX5 to the HoxC cluster in humans. No 7bx4/5 gene was found in
Trichoplax or any other invertebrate below amphioxus indicating that the tandem duplication
was an evolutionary late event.

On the basis of morphological features the placozoan Trichoplax has always been
thought to be a basal animal and was often placed between sponges and the other animals. In
the last decade, with the rise of molecular phylogenetics, several analyses were carried out
with the 78S rRNA gene to determine the relationship of animal phyla. All possible
combinations of grouping Trichoplax with other non-bilaterians were reported. 7Trichoplax has
been suggested to be a sister group of cnidarians (Wainright et al. 1993; Philippe et al. 1994)
or it has been suggested to belong to the cnidarians itself (Bridge et al. 1995). Moreover,
Trichoplax has been grouped with ctenophores, as a sister group of cnidarians (Odorico and
Miller 1997) and most recently as a sister group of the bilaterians, to the exclusion of
cnidarians, ctenophores and sponges (Collins 1998; Collins 2002). The best way to
summarize the knowledge on the phylogenetic position of non-bilaterians and 7richoplax is
still an unresolved tree (Fig. 2F; Holland 1999).

Since phylogenetic analysis of Brachyury does not conform to any reasonable
expectation and for Tbx2/3 there are no other non-bilaterian sequences available, we
performed comparable analyses with some well-studied reference genes such as EFla, actin
and /8S rRNA. Trichoplax EFla, actin and the ends of the previously published /8S rRNA
(Wainright et al. 1993) were sequenced in this study for quality control reasons.
Unfortunately, in spite of many phylogenetic studies with these genes, there are no complete
actin sequences from sponges or ctenophores available. Representative species were selected
from the ecdysozoan and lophotrochozoan subgroup of the protostomes and from
deuterostomes to fit best with the available data from T-box genes.

In the EF1a tree Trichoplax groups with a sponge (Fig. 2C). It could make sense to think
of Porifera and Placozoa as the simplest multicellular animals as a group, but this group
should then be at the base of the tree and not a sister-group to arthropods in the middle of

badly sorted bilaterian and non-bilaterian phyla. In the actin tree Trichoplax and cnidarians
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are a sister-group to the bilaterians, but the lack of actin sequences from sponges and
ctenophores does not allow resolving the relationship within non-bilaterian phyla (Fig. 2D). In
an /8S rRNA with a comparable set of species Trichoplax is placed in a group with the other
non-bilaterians (Fig. 2E). In contrast to more extensive studies (Collins 1998; 2002), however,
Trichoplax appears here as a sister-group to cnidarians and not to bilaterians. This indicates
that the choice of species and number of different species within a phylum are important,
which should also be considered when collecting additional data for T-box genes for
improved phylogenetic studies.

The data that are presently available indicate that Brachyury and EFla evolved more
irregularly than Thx2/3, actin and 18S rRNA. Whether this is correlated with different
functional conservation of Brachyury and Thx2/3 is difficult to judge when considering the

apparent differences in reference genes such as EF/a and actin.

Distinct expression of Brachyury and Tbx2/3

In situ hybridisation revealed that Trichoplax Brachyury is expressed irregularly in individual
animals in a few cells or groups of cells (Fig. 3A-D). While some animals lack expression
completely, in larger animals Brachyury expression is localized to the edge of potential
outgrowth zones. It was not possible yet to resolve the position of the signals in the three cell
layers in sections.

Trichoplax Thx2/3 is expressed in a very different pattern with strong signals at the
periphery of attached animals (Fig. 3E, F). In a specimen that was not attached completely to
the substrate, a differential 7hx2/3 expression between the attached part and the floating part
can be distinguished (Fig. 3G, M). The part of the body that was attached showed a strong
signal in both the ventral and dorsal layers while the floating region had a signal only in the
thin ventral layer (Fig. 3H).

Reference genes such as actin give a strong ubiquitous signal in comparable
experiments (not shown). A more useful control was found with the gene coding for the
putative small secreted protein Secpl, which gave a clear pattern of expression by in situ
hybridisation, a well defined ring shaped signal that covered the edge of the animal (Fig. 31).
Analyses of the 150 amino acid sequence of Secpl reveals an N-terminal signal peptide of 19

residues with a potential signal cleavage site. The mature protein of 131 residues consists of

43



Chapter 1 Results and discussion

76 charged amino acids and shows no significant sequence similarity to known proteins. In
sections, Secp ! appears to be expressed in all three body layers (Fig. 3J).

Only four types of cells have been described in Trichoplax (Fig. 3K, L). From the
expression patterns of Trichoplax Brachyury, Thx2/3 and Secpl we can conclude that there
are at least three different kinds of cells with different gene expression profiles, which do not
coincide with the morphologically distinguishable cell types. This hidden anatomical
complexity and the clear presence of homologues of the Brachyury and Tbx2/3 subfamilies
already in Trichoplax, suggest that the common ancestor of bilaterians and more primitive

animals was more complex than previously anticipated.

Brachyury

Tbx2/3

Secp1
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Fig. 3. Expression analysis by in situ hybridization of Trichoplax genes. Brachyury is expressed in a few isolated
cells, mainly near the edge of the animal; (A, B) small round animals, (C) larger bifurcated animal with potential
outgrowth zone, (D) higher magnification of C. (E, F) Thx2/3 is expressed at the periphery of animals, but not in
all cells, (G) section of E shows the differential expression between the body region attached at the substrate and
the floating body region, (H) higher magnification of G, in the floating region the 7bx2/3 gene is mainly
expressed in cells of the dorsal layer. (I) The gene for the putative secreted protein Secp! is expressed in a ring-
shaped pattern near the edge of the animal. (J) Section of I, Secp! appears to be expressed in all three layers
along the ring. (K) Sketch of the body structure of Trichoplax at an enlargement of 300 x (Schulze 1883). (L)
Scheme according to Grell and Ruthmann (1991) with flat epithelial cells (f) in the dorsal layer, columnar
epithelial (c) and non-flagellated gland cell (g) in the ventral layer and star-shaped cells (s) in the intermediate
layer. The bars correspond to 0.3 mm.
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CHAPTER 2

T-box genes in basal metazoans: further indications for the

monophyletic origin of metazoans

Abstract Metazoan diversification involved several evolutionary steps in which new
molecular, cellular and developmental characters arose from previous forms of life.
Understanding these changes means to explain how body plan complexity increased during
evolution. Such issues require knowledge of the evolutionary pathway that metazoans
followed from unicellular organisms and from non-bilaterian to bilaterian organization.
Moreover, whether a single organism or different organisms gave rise to all metazoans is still
a matter of discussions. We therefore investigated all four non-bilaterian phyla by isolating T-
box genes from sponges, placozoans, ctenophores and cnidarians. Up to now no T-box gene
has been isolated outside metazoans. The T-box genes found in non-bilaterians belong to
distinct T-box subfamilies recognizable in bilaterians, which suggests that metazoans
originated from an ancestor, which had already more than one T-box gene. The evolutionary
relationship of non-bilaterian phyla was also tested by sequencing elongation factor-1-alpha
(EFla) genes from a sponge and a ctenophore, respectively. Besides confirming the
monophyletic origin of metazoans, the phylogenetic study conducted with EFla does not

solve the evolutionary relationship among non-bilaterians and further studies are needed.

Key words: T-box, Brachyury, Tbx2/3, Tbx4/5, Elongation factor-1-alpha, aristaless,
evolution, metazoans, bilaterians, non-bilaterians, Axinella verrucosa, Pleurobrachia pileus,

Podocoryne carnea, cnidarians, sponges, ctenophores, Cnidaria, Porifera, Ctenophora.

45



Chapter 2 Introduction

Introduction

In view of similarities in the organization of the epithelial and mesenchymal tissues and
connective tissue, including collagen and other molecules (Miiller et al. 2001), between
sponges and cnidarians as well as other animals, the arguments for the monophyly of
metazoans are very strong. However, analyses of the origin of metazoans using methods of
molecular phylogeny with rRNA genes as a phylogenetic index have recently revived the
controversy as whether all metazoans can be viewed as successive offshoots within a single
monophyletic unit, or different processes of cell aggregation led to parallel radiation and
different patterns of body plan organization.

The early publications of phylogenetic trees based on partial sequences of animal /8S
rRNA genes (Field et al. 1988) and 28S rRNA genes (Christen et al. 1991) suggested the idea
that the two animal subkingdoms, Radiata and Bilateria, originated independently from
different flagellate protozoan ancestors. Recently these conclusions have been widely
criticized by several studies based on complete gene sequences. Evolutionary trees have been
build with 78S ¥RNA genes and with the protein coding genes elongation factors-1-alpha and
Hsp70 (Borchiellini et al. 1998; Kim et al. 1999; Kobayashi et al. 1996; Peterson and Eernisse
2001; Wainright et al. 1993), all these studies support the monophyly of the animal kingdom
including sponges, although the bootstrap value for monophyly is very weak.

The monophyletic origin of the animal kingdom is supported as well by the discovery of
a receptor tyrosine kinase (RTK) from a sponge (Schacke et al. 1994), suggesting that the
evolution of RTKs for cell-cell signalling could have played a role in the evolution of early
metazoans. Moreover, the discovery of a RTK in the choanoflagellate Monosiga brevicollis
demonstrates that at least one family of metazoan signalling molecules was present before the
origin of multicellular animals (King and Carroll 2001). Phylogenetic and molecular genetic
evidence (Snell et al. 2001; Wainright et al. 1993), together with the ultrastructural
similarities between choanoflagellates and sponge choanocytes (Hibberd 1975), suggest that
choanoflagellates may best represent the eukaryotic form of life immediately anterior to the
evolution of multicellular animals.

Although some studies have been done to confirm the monophyletic origin of
metazoans, further comparisons of the expressed genes in non-bilaterians could infer a better
view on the origin of metazoans. Therefore, T-box genes were isolated from all four non-
bilaterian phyla, the sponge Axinella verrucosa, the placozoan Trichoplax adhaerens, the

ctenophore Pleurobrachia pileus and the cnidarian Podocoryne carnea.
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T-box genes encode transcription factors that share a conserved DNA-binding domain
of 180-200 amino acids, called the T-box domain. In the past ten years cloning and
expression analysis of an increasing number of T-box genes from all kind of metazoans
brought progress in understanding the various roles that T-box genes have in animal
development. It has been demonstrated that they are involved in the cellular movement during
gastrulation, in the formation of the mesoderm and its derivates and several of them have been
linked to heritable human diseases. Still, no T-box gene can be recognized in genomes of
fungi, plants or parasitic protists (Papaioannou 2001). The T-box domain is able to recognize
half of a palindromic binding site in DNA (Miiller and Herrmann 1997). On the basis of
sequence homology several T-box subfamilies can be recognized. There is still some
confusion about the classification of the 5 to 8 subfamilies and the nomenclature in different
species (Papaioannou 2001; Ruvinsky et al. 2000), but at least comparisons of amphioxus and
vertebrates suggests a conservative evolution of this gene family.

Most of the T-box genes isolated in this study are clearly belonging to T-box gene
subfamilies recognizable in bilaterians, suggesting the presence of T-box genes and their sub-
division in subfamilies already in the ancestral metazoans (Urmetazoa). Among the T-box
genes isolated, we found in the cnidarian Podocoryne the first member of the Tbx4/5
subfamily of all invertebrates. We investigated by in situ hybridisation the expression of
Podocoryne Tbx4/5. Recently, another T-box gene, Brachyury, was isolated and then
characterized by in situ hybridisation in Podocoryne (Spring et al. 2002). The two genes show
a distinct expression pattern, confirming the distinct roles for T-box genes already in non-
bilaterians.

In addition we isolated elongation factor -I-alpha (EFla) genes from Axinella
Trichoplax, Pleurobrachia and Podocoryne as referement genes to compare to the
phylogenetic analyses with T-box genes. The evolutionary history was already inferred
through the amino acids sequences of EFla (Kobayashy et al. 1996), we repeated this
analyses with the new sequences containing representatives of all four non-bilaterians phyla,

but without improving much the previous results.
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Materials and methods

Animals

A body fragment of Axinella verrucosa (Porifera, Demospongiae) was brought in our
laboratory from the Marine Biology Station of Roscoff. Cells from Axinella were isolated by
cutting in little pieces the body fragment, then these pieces were washed with Millipore
filtered sea and successively cells were scratched out with forceps. The cells were separated
from the rest by a few seconds of centrifugation at 4°C, then the supernatant was removed and
the cells treated for RNA and DNA extractions.

Pleurobrachia pileus (Ctenophora, Cydippida) was fished in Roscoff together with
plankton. We were able to keep some of those specimens long enough to produce larval
stages which were selected, washed with Millipore filtered sea water and then processed for
RNA and DNA extractions. The adult animals survived about 10 days in our laboratory and
no larval stages reached the adult stage.

Colonies of Podocoryne carnea (Cnidaria, Hydrozoa) were cultured in artificial
seawater, the different life stages were collected and treated for RNA and DNA extraction as

described elsewhere (Spring et al. 2002).

Molecular cloning and sequence comparison

Genomic DNA and total RNA were isolated from Axinella, Pleurobrachia and Podocoryne
by using the TriReagent (Molecular Research Center) according to the manufacturer‘s
recommendations. First strand cDNAs were synthesized for each species with the anchored

oligo (dT) primer XT20V (5-GGC AGG TCC TCG TTG ACT CGA GAC GT(20)(AGC)-3')

by using the SMART RACE cDNA Amplification Kit (Clontech). With the above-
mentioneted cDNAs we isolated by homology PCR, 3' and 5' RACE the full length of the
following genes: Tbx1/15/20 and EFla from Axinella, Brachyury, Tbx2/3 and EFla from
Pleurobrachia and Tbx4/5 from Podocoryne. A 272 bp Axinella Thx1/15/20 fragment was
amplified with the set of degenerated primers TF1 and TR1 (Spring et al. 2002), followed by
TF2 (5-TT(CT) GG(AGCT) CA(CT) TGG ATG-3") and TRI1 (Spring et al. 2002), for each
PCR round standard conditions were used, except that the annealing temperature was 37°C
for the first PCR round of 20 cycles and in the second PCR round the annealing temperatures

was 37°C for 10 cycles and 45°C for 35 cycles. A 113 bp Pleurobrachia Brachyury fragment
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was amplified with the set of degenerated primers TF1 and TR1, followed by TF2 and TR2 by
the same methodology described for Axinella Tbx1/15/20; a 185 bp Pleurobrachia Tbx2/3
fragment was amplified with the set of degenerated primes TF3 (AAT TCA ATG CA(CT)
AA (AG) TA(CT) (GC)A(AG) CC) and TR3 (CTG AAT CC(CT) TT(AGCT) GC(AG)
AA(AGCT) GG(AG) TT); PCR was performed under standard conditions, except that the
annealing temperatures, that were 37°C for 10 cycles and 45°C for 35 cycles. Two T-box
gene fragments of 664 bp and 484 bp were isolated from Podocoryne genomic DNA with the
set of primers TF3 and TR3 by performing PCR under the condition described for
Pleurobrachia Tbx2/3. Both fragments contain an intron of 473 bp and 297 bp, respectively.
The first fragment was present as well in Podocoryne cDNA and turned out to be a Thx4/5
homologue the other was never detected in cDNA and has the same degree of homology with
Tbx1 and Thx2/3 members. A 239 bp EFla fragment was amplified from both Pleurobrachia
and Axinella with the set of degenerated primers uEF (5'-AAG TCA GT(AGCT) GA(AG)
ATG CA(CT) CA(CT) GA-3") and uER (5-GCA AT(AG) TG(AGCT) GC(AGCT) GT(AG)
TG(AG) CA(AG) TC-3"; for the PCR standard condition with two different annealing
temperature, 40°C for 10 cycles and 50°C for 40 cycles, were used. PCR products of the
expected size were gel purified with a Qiaquick column (Qiagen), subcloned in the pCRII-
TOPO vector (TOPO TA cloning Dual Promoter kit, Invitrogen) and sequenced on an ABI
PRISM 310 genetic analyser (Applied Biosystems). Based on the sequences gene-specific
primers were designed to carry out the 5' and 3' RACE as described (Miiller et al. 1999;
Yanze et al. 2001). Clones from Axinella with the complete coding sequences were isolated
for Tbx1/15/20 (2607 bp) and EF1a (1648 bp); clones from Pleurobrachia with the complete
coding sequences were isolated for Brachyury (1731 bp), Thx2/3 (2523 bp) and EFla (1512
bp); a clone from Podocoryne with the complete coding sequences was isolated for 7hx4/5
(1646 bp). The Axinella Thx1/15/20 and EFla, the Pleurobrachia Brachyury, Thx2/3 and
EFla and the Podocoryne Thx4/5 and Efla sequences described here have been submitted to
the DNA databases.

Nucleotide and deduced amino acid sequences were analysed by using the GCG
software package. BLAST searches (Altschul et al. 1997) were performed on the blast
network service at the NCBI (http://www.nbci.nlm.nih.gov). Multiple sequence alignments
and phylogenetic trees based on the neighbour-joining method were generated with Clustal X
(Jeanmougin et al. 1998) and maximum likelihood trees calculated with TREE-PUZZLE
(Schmidt et al. 2002) .
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Whole-mount in situ hybridisation for Podocoryne carnea

Whole mount in situ hybridisation experiments were carried out with adaptations to the
protocol described for Podocoryne elsewhere (Miiller et al. 2003). After staining, specimens
were extensively washed in PBST and investigated as whole mounts or as 10 pm sections of
paraplast (Sigma) embedded specimens (Spring et al. 2002). The homeobox gene Aristaless
(Arx) was used as control. The gene sequence of Arx was obtained by screening with the two
hybrids system a cDNA library of Podocoryne, as described elsewhere (Miiller et al. 2003).

DIG-RNA-labelled probes were synthesized according to the manufacture's
recommendation (DIG-RNA-labelling, Roche). The DNA fragment for the Podocoryne
Tbx4/5 probe was amplified with primers designed outside the T-box domain as following:
PcTbx2 F2 (5-TCC GCA GAA GCA TTA CGT AAG AG-3'") and PcTbx2 R4 (5'-AAA GTC
AAT AGC TTC TTC ATA TTA C-3"); while the DNA fragment for the Podocoryne Arx
probe was amplified with primers designed outside the homodomain as following: Arx F2 (5'-
CGT CCG CAA AAC AAC GCA TCC TAC-3") and Arx R3 (5'-GCG ATG TAT GAG ACG
ATT TGA CG-3").
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Results and discussion

Conserved T-box genes from non-bilaterians

One T-box family member was isolated from the sponge Axinella verrucusa. Although
this gene does not clearly belong to any of the known subfamilies from bilaterians, the T-box
domain is 55-65% identical to Tbx2/3, Tbx4/5 and Tbx6/16 subfamilies and less than 48%
identical to Brachyury and Eomes subfamilies. No homology is present outside the T-box
domain.

Two distinct T-box family members were isolated from the ctenophore Pleurobrachia
pileus. One is clearly a member of the Brachyury subfamily and the other a member of the
Tbx2/3 subfamily. Within the T-box domain Pleurobrachia Brachyury is 70-80% identical to
Brachyury subfamily members and less than 55% identical to other subfamilies while little
similarity can be detected outside of the T-box. Pleurobrachia Tbx2/3 is 60-70% identical to
Tbx2/3 subfamily members and up to 60% identical to Tbx4/5 in the T-box domain, and less
related to other subfamilies.

Two distinct T-box family members were isolated from the cnidarian Podocoryne
carnea by homology PCR on genomic DNA in addition to the already cloned Brachyuy
homologue (Spring et al. 2002). One of the genomic fragments could not be extended on
cDNA and the incomplete sequence gives a weak indication that it could belong to the Tbx1
subfamily (data not shown). The other gene is clearly a member of the Tbx4/5 subfamily, in
fact in the T-box domain it is 70-75% identical to the Tbx4/5 subfamily, while it is 60-65%
identical with the Tbx2/3 subfamily and lass than 55% identical with other members of the T-

box family.

Distinct T-box gene subfamilies in non-bilaterians

Phylogenetic analyses for T-box genes were performed by the neighbour-joining methods (N-
J) with Clustal X (Fig. 1) and by the maximum likelihood method (M-L) with TREE-
PUZZLE (Fig. 2). T-box genes were selected from representative phyla, than the trees were
calculated using only the T-box domain of each protein.

In accordance with previous analyses, the classification made on sequence homology
allowed to recognize from 5 to 8 T-box gene subfamilies (Papaioannou 2001; Ruvinsky et al.

2000). Our phylogenetic analysis shows clearly the presence of 8 subfamilies of T-box genes,
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this division is consistent in both N-J and M-L analyses (Fig. 1 and 2). Moreover, these
subfamilies form two larger groups; in one group are the Brachyury and Eomes subfamilies,

in the other group are the remaining subfamilies.
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Fig. 1. Phylogenetic trees of T-box family based on the neighbour-joining method generated with Cluster X.
Numbers on the branches are the values relative to 1000 bootstrap replicates that support the topology shown,
the values below 500 are omitted; the bar indicates the number of substitutions per site. The non-bilateral phyla
are highlighted in colour: the sponge sequences are red, the Trichoplax sequences are brown, the cnidarian
sequences are blue and the ctenophore sequences are green. Abbreviations: Dm, Drosophila melanogaster; X1
Xenopus laevis; Hs, Homo sapiens; Dr, Danio rerio; Av, Axinella verrucosa; Ce, Caenorhabditis elegans; Bf,
Branchiostoma floridae; Pp, Pleurobrachia pileus; Ta, Trichoplax adhaerens; Ci, Ciona intestinalis; Pc,
Podocoryne carnea; He, Hydractinia echinata; Hv, Hydra vulgaris; Nv, Nematostella vectensis; Pv, Patella
vulgata; Pd, Platynereis dumerilii.
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The members that compose each subfamily are roughly the same in both N-J and M-L
analyses, with the exception of AmphiThx6/16 from amphioxus and 7bx1/15/20 from
Axinella. The former belongs with high bootstrap value to the Tbx4/5 subfamily in the tree
calculated by N-J (Fig. 1), while it belongs to the Tbx6/16 subfamily in the tree calculated by
M-L (Fig. 2); the latter is basal to Tbx20, Tbx15 and Tbx1/10 subfamilies in the tree
calculated by N-J with low bootstrap value (Fig.1), while it is with the Tbx6/16 in the tree
calculated by M-L (Fig. 2). Although, the T-box gene isolated from sponge does not belong
clearly to any subfamily, it seems more related to the Tbx20, Tbx15, Tbx1/10 or the Tbx6/16

subfamilies than to one of the other subfamilies.

AmphiTexé/16-Bf (amphioxus)
Tox1/15/20-Av (sponge)
Toxé-Hs (hurman)

Toxé-X (Xonopus) Thx6/16
Tox6-Dm (Drosophila)
s Il vl
Vegt-A [(Xenopus)
80 Tox12-Ce (C. elegans) ‘
H15-Dm (Drosophila) Tbx20
94 ; Thx20-Hs (human)

58 Tbx20-X1 (Xenopus)
83 |— AmphiTlox] 5/18/22-Bf (amphioxus)

Tox22-Hs (human]
56 87 0 Toox18-Hs (human) Tbx15
Tox15-Dr (zebrafish)
97— Toox15-Hs (human)

g5 [ Oigl-Dm (Drosophil)

93 AmphiTkx1/10-Bf (amphioxus)

I—LZL';Tbx‘I -Hs (human)
Tk 10-Hs (hurnan)
Bi-Drm (Drosophila)
————— ArmphiTbox2/3-Bf ([amphicxus)
Tox2/3-Ci (ascidian)

74 Tox2/3-Ce (C. elegans)
Tx2/3-Ta (Trichoplax)
Tox2/3-Pp (comb jelly) Thx2/3

Tbhx1/10

921 Toxd-Gg (chick)
80 Tex3-Hs (hurnan)
Tbx2-HS (human)
87— Thx2-Gg (chick)
ArmphiTbx4/5-Bf ([amphicxus)
79 ——————— Thxd/5-Pc (jellyfish)

96, Toxd-Gg (chick)
54 Tioxd-Hs (human) Tbx4/5
Tox5-Gg (chick)
771 Tox5-HS (human)

o8 —— AmphiEomes-Bf ([armphioxus)
99 Tex21-Hs (hurman)
100 Tor1-Hs (human) Eomes
100 Eom-Hs [human)
Eom-XI (Xenopus)
Byn-Dm (Drosophiia)

91 I Tbx19-Hs (human)
—— Bia-Pp [comb jelly)

92 [ Bra-Hv (Hydlra)
Bra-He (hydrozoan)
89 Bra-Ci (ascidian)
96 —|: Bra-Pc (jellyfish)
i!: Bra-Pv (mollusk)
Bra-Pd (annelid)
_?2_|:B[Cl-|‘|\c’ (coral)
Bra-Ta (Trichoplax)
45 E ArnphiBral-Bf ([amphioxus)
ArnphiBra2-Bf [amphioxus)
56 E Bra-Hs (human)
Bra-Gg (chick)

Brachyury

0.1

Fig. 2. Phylogenetic tree of the T-box family based on the maximum likelihood method generetaed with TREE-
PUZZLE. Bootstrap (percentage on 1000 replicates) values are shown at the nodes, the values below 50 are
omitted. Explanations are as in Fig. 1.
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The two T-box genes isolated from Pleurobrachia belong clearly to the Brachyury and
Tbx2/3 subfamilies. In the Tbx2/3 subtree calculated by the N-J method, Pleurobrachia
Tbx2/3 is basal to the other members of the subfamily and placed near to the Trichoplax
homologue, suggesting an early branching of ctenophores in the evolutionary history. On the
contrary, Pleurobrachia Brachyury is not basal in the Brachyury subtree, but since
phylogenetic analysis of Brachyury does not conform to any reasonable expectation, it is
unlikely that this subtree would be informative in relation to the evolutionary history of the
phyla represented.

The phylogenetic analyses confirm that the T-box gene isolated from Podocoryne
belongs to the Tbx4/5 subfamily. Podocoryne Tbx4/5 is the first gene of the Tbx4/5 subfamily
that has been isolated from invertebrates. This subfamily was not expected in invertebrates,
where only members of the Tbx2/3 subfamily have been isolated. In fact, a model had been
developed for the evolution of the Tbx2/3 and Tbx4/5 subfamilies (Agonic et al. 1996), which
proposed that a single primordial 7bx2/3/4/5 gene underwent an unequal crossing-over event
to produce 7bx2/3 and Thx4/5 progenitor genes around the time of divergence of the
vertebrate and invertebrate lineages when complete genome duplications are thought to have
occurred (Holland et al. 1994). Later during vertebrate evolution, before the origin of tetra
pods, a whole cluster duplication or transposition event gave rise to the 7hx2-Thx4 cluster on
one chromosome and the 7hx3-Thx5 cluster on a second chromosome, generating two cognate
gene pairs. The presence of a Tbx4/5 gene in cnidarians does not fit with the above-mentioned
theory, at least in the timing of the first gene duplication. Anyway, we did not find in
Podocoryne a member of the Tbx2/3 subfamily so it could be that in Podocoryne the
primordial 7hx2/3/4/5 gene evolved toward the Tbx4/5 subfamily instead of the Tbx2/3
subfamily.

Phylogenetic relationship of non-bilaterians from amino acid sequences of elongation factor-

1-alpha (EF1a)

Elongation factor-1-alpha (EFla) genes from the ctenophore Pleurobrachia pileus and from
the sponge Axinella verrucosa were isolated in addition to the previously described
Trichoplax and Podocoryne homologues. EFla encodes for a highly conserved ubiquitous
protein that is involved in aminoacil-tRNA binding in the step of translation of mRNA. EFla

amino acid sequences were already used to infer the evolutionary history of early metazoans

54



Chapter 2 Results and discussion

(Kobayashy et al. 1996), supporting the monophyletic origin of metazoans, but it did not
resolve the phylogenetic relationship among non-bilaterians.

Phylogenetic analyses for EFla were performed by the neighbour-joining (N-J) method
using Clustal X (Fig. 3) as well as by the maximum-likelihood method, but in that case the
tree obtained does not have enough resolution to allow any phylogenetic consideration (data
not shown). The tree in figure 3 was calculated with the EFla sequences from the most
representative metazoans, and Saccharomices carevisiae was chosen as outgroup.

In such a tree the monophyletic origin of metazoans could be confirmed, but
unfortunately it is also clear that the EFla sequences do not help in resolving the relationship
among early metazoans. Nevertheless, this tree supplies some information on non-bilaterian
phyla. About ctenophores, it confirms the hypotheses obtained by /8S rRNA gene sequences
(Podar et al. 2001), that they are monophyletic and highly derived. In fact the two species
analysed Pleurobrachia pileus (class Tentaculata) and Beroe cocumis (class Nuda) form a
clade with high bootstrap value. About sponges, it weakly suggests that the Calcarea and the
Demospongiae classes are sister groups, since Geodia cydonium (class Calcarea) and Axinella
verrucosa (class Desmospongiae) form a clade, however, the freshwater demosponge
Ephydatia fluviatilis does not group with the other sponges. Thus, these data have some value
only if compared with similar conclusions reached by a previous phylogenetic analysis
combining /8§ and 28S ¥rRNA genes (Medina et al. 2001). Like the sponges, the cnidarians do
not form a clade; but at least sequences belonging to members of the same class are in the
same group. EFla sequences for the class Cubozoa and Schyphozoa or Hexectinellida are still

missing, so the analyses cannot be completed regarding cnidarians and sponges
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Fig. 3 Elongation factor 1 alpha tree. The phylogenetic tree is based on the neighbour-joining method generated
with Clustal X. Bootstrap (1000 replicates) values are shown at the nodes, the values below 500 are omitted; the
bar indicates the number of substitution per site. Explanation are as in Fig. 1 except for: Bc, Beroe cucumis; Ae,
Anemonia erythraea, Ef, Ephydatia fluviatilis; Dp, Dreissena polymorpha; Gc, Geodia cydonium; Es,
Enchytraeus sp.; Sc, Saccharomyces cerevisiae.
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Expression of 7hx4/5 during the medusa bud development of Podocoryne

In situ hybridisations were performed in parallel for two genes of the hydrozoan Podocoryne
carnea, Thx4/5 and the homeobox gene Arx; the latter was used to compare the expression of
Thx4/5 with a second gene. In situ hybridisations revealed that both 7hx4/5 and Arx genes had
a detectable signal only in the medusa bud, while no signal was present either in polyps or in
medusae. In order to investigate which tissues were labelled at the different medusa bud

stages, some samples were processed for sectioning.

Fig. 4 Preliminary expression analysis by in situ hybridisation of Podocoryne carnea. Thx4/5 is mainly
expressed in the endoderm; (A) section of a colony shows the expression pattern from early medusa bud stage to
a late medusa bud stage and in each of them the endoderm and its derivates are labelled, (B) and (C) in higher
magnification of medusa buds the signal is present in the ectoderm and in other regions of medusa bud still in the
endoderm it is stronger than in the entocodon or ectoderm. Arx is expressed only in late medusa bud stages and
the signal is sharp and localized in the radial canals, (D) and (E) sections of colonies show the signal is mostly
localized in the endoderm of the radial canals, (F) higher magnification of medusa bud.

Tbx4/5

The sections show distinct expressions for 7bx4/5 and Arx. Thx4/5 is expressed in all medusa
bud stages and the signal is higher in the endoderm than in the rest of the bud (Fig. 4A). The
signal is strong in the endoderm from beginning of bud formation up to late stages of bud
development, where tissues deriving from endoderm appear labelled, such as the epithelium
of ring canals (Fig. 4B and C). Expression of 7hx4/5 appears as well in others tissues, but it is

several times weaker than the endoderm signal. Brachyury, another T-box gene was described
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in Podocoryne (Spring et al. 2002). Brachyury is involved in the process of mesoderm
formation, a role that seems to be conserved during evolution (Papaioannou 2001).
Podocoryne Brachyury is expressed only in the entocodon, that is the third germ layer of the
medusa bud (Spring et al. 2002). The expression of 7hx4/5 is completely different from that
of Brachyury and this could be evolutionary meaningful. Members of the Tbx4/5 subfamily
characterized so far have not been found to be involved in mesoderm formation. If we
consider the entocodon of hydrozoans to be the homologue of mesoderm, Podocoryne Thx4/5
should not be expressed there, as is confirmed by the in situ analyses. In addition the
expression of Podocoryne Thx4/5 confirms that already early in the evolution the T-box genes
there were already well-established and well separated roles for early duplicated members of
the T-box family.

Podocoryne Arx is not expressed in all medusa bud stages, the signal appears only in the
late stages (Fig. 4D and E). Arx has a sharper signal than 7hx4/5 and is localized in the muscle
of ring canals and manubrium (Fig. 4F). Further studies would be necessary to elaborate on

the dynamics of Arx expression during medusa bud development of Podocoryne.
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CHAPTER 3

Role of the homeobox gene Not in body remodelling of the basal

metazoan Trichoplax adhaerens

Abstract The new phylogeny, built on molecular data, assumes that protostomes and
deuterostomes form a clade sharing a common ancestor. This theory gained popularity after
the discovering in Drosophila and mammals of a class of homeobox genes organized in a
cluster and expressed in a colinear pattern, the Hox genes. Although the conservation of the
Hox genes was confirmed in several bilaterians, it is still not clear how the Hox cluster
originated and whether it is a unique character of bilaterians. To address this issue Hox genes
were explored in basal metazoans. Special efforts were made in cnidarians where so far only a
partial proto-Hox cluster has been found. From others non-bilaterian phyla such as Porifera
and Placozoa some homeobox genes were known, but no true Hox or Hox cluster were found.
We investigated the existence of homeobox genes in the placozoan Trichoplax adhaerens and
in the ctenophore Pleurobrachia pileus. We isolated a Not homologue from Trichoplax and
from Pleurobrachia a homeobox gene that shows low similarity with members of the Tix
class. Not genes have been studied in lower vertebrates, where they have a main role in
notochord formation, but are absent or derived in mammals. Surprisingly we found that Not
has a unique expression profile in Trichoplax. It is highly expressed in the folds of intact
animals and in the wounds of regenerating animals, suggesting Not involvement in the general
Trichoplax body remodelling. Recruitment of genes for different processes is a typical feature
of evolution and here we show a clear example of such a phenomenon. True Hox genes seem
to be rare in low metazoans, perhaps they were lost in evolution or these taxa branched before

this class originated.

Keywords Homeobox, Hox cluster, Not, Trox-2, Trichoplax, Pleurobrachia.
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Introduction

Homeobox genes are present in animals, plants and yeast (Duboule 1994). In bilaterians a
class of them is grouped in clusters of genes called the Hox clusters (Brooke et al. 1998). Hox
genes code for related homeodomain transcription regulators and generally respect the
colinearity rule. Although the Hox cluster arose before the divergence of bilaterians, it is still
unclear when and how the cluster originated. To address this issue it was already discussed
that we should look at the most basal taxa to understand the origins of Hox genes (Ferrier and
Holland 2001). Although Hox-like genes occur in cnidarians (Gauchat et al. 2000), up to now
the only evidence for a cnidarian equivalent of the Hox cluster is that a Hox-like gene and an
even-skipped orthologue have been shown to be closely linked in the coral Acropora formosa
(Miller and Miles 1993), and in the anemone Nematostella vectensis (Finnerty and Martindale
1999).

Besides Hox genes other “dispersed” homeobox genes, called non-Hox genes, have been
discovered in metazoans. Non-Hox genes were believed that do not to form any cluster, but
recently it was reported that in mammals some are part of 14 clusters that in the bilaterian
ancestor would come from 4 clusters (Pollard and Holland 2000). Many of the non-Hox gene
classes turned out to be important in several developmental processes and they could also be
useful in understanding evolution (Gauchat et al. 2000). In order to collect further information
on homeobox genes in the most basal taxa we investigated homeobox genes in two species
belonging to non-bilaterians, the placozoan Trichoplax adhaerens and the ctenophore
Pleurobrachia pileus.

Trichoplax adhaerens is a small marine organism that is the only well characterized
member of the phylum Placozoa (Grell 1971; Grell and Ruthmann 1991; Ruppert and Barnes
1994). It has a flat body with roundish shape, no axes, a dorso-ventral orientation with three
cell layers and on both the dorsal and ventral side is covered by cilia (Ruppert and Barnes
1994). Little is known about reproduction of Trichoplax, in aquaria it does it irregularly by
fission, while under special circumstances it was observed to build hollow swarmer spheres,
stolons and eggs developing up to the 64 cells blastula stage (Grell 1971; Ruthmann et al.
1981; Thiemann and Ruthmann 1991). A fragment of a homeobox gene called 7rox-2, a Gsx
homologue, was found in Trichoplax (Schierwater and Kuhn 1998). Besides sequencing of a
partial cDNA fragment no other analyses has been carried out on Trox-2.

A higher degree of structural complexity than in Trichoplax is reached in the ctenophore

Pleurobrachia pileus, which has structures and organs comparable to bilaterians.
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Pleurobrachia pileus belongs to the order Cydippida of Ctenophora (Mills 2001). Cydippida
present some typical features: the body has a biradial symmetry and ovoid shape, small
dimension (Pleurobrachia has diameter of about 2 cm), a longitudinal oral-aboral axis
orientation, two long tentacles with 15-20 times the body length, 8 rows of fused cilia
arranged as meridians called combs responsible for the animal movement, an apical organ at
the aboral end controlling the movement of the animal and a peculiar development through a
cydippide-like larva (Hernandez-Nicaise 1991). Based on these morphological features some
authors believe them to be an intermediate step toward bilaterians (Martindale and Henry
1998) they were even thought to be a degenerated bilaterians (Nielsen 1995), but the same
author changed his mind later (Nielsen 2001). Differently from cnidarians and Trichoplax, no
homeobox genes have been analysed in ctenophores except through short PCR fragments
(Yamada and Martindale 2002).

We isolated a Not homologue from Trichoplax and a homeobox gene with low
homology to the 7/x class from Pleurobrachia. No further analyses were possible with
Pleurobrachia, but the Trichoplax Not gene was studied more carefully.

Xnot was discovered in Xenopus (von Dassow et al. 1993), successively Not genes were
characterized in zebrafish (Talbot et al. 1995) and in chicken (Stein et al. 1996). Interestingly,
no obvious Not homologue was found in mammals. In the course of the human genome
sequencing project a Not-like gene with reduced sequence similarity was detected. Not is
involved in mesoderm formation, notochord formation and somites formation in fish, frogs
and chicken (Gont et al. 1996; Talbot et al. 1995; Yasuo and Lemaire 2001). In the sea urchin
Strongylocentrotus purpuratus Not 1s involved in mesoderm formation and secondary
structure formation in the late stage of larval development (Peterson et al. 1999).

We wondered about the developmental processes in which Not could be involved in
Trichoplax. Being aware that no embryology is available in Trichoplax, we investigated
whether Not has any role in Trichoplax regeneration by processing some intact and wounded
animals for in situ hybridisation. Not has a unique expression pattern in intact and
regenerating 7Trichoplax. These patterns indicate a possible role of Not during body
remodelling and wound closure in this organism. For comparison we included the only other
known gene Trox-2 which is best considered as an anterior Para-Hox gene (Hayward et al.
2001; Li et al. 1996). Trox-2 gives a weak signal in the periphery of the body in intact
samples. Besides, we compared the Not and Trox-2 expression patterns with the signal of a
third gene called Secp!, coding for a highly charged protein. This gene is expressed in a clear

ring-shaped pattern along the animal.
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Materials and methods

Animals

Trichoplax adhaerens appear regularly on the glass walls of marine aquaria maintained to
culture the hydrozoan jellyfish Podocoryne carnea. Animals are removed from the glass walls
of the aquaria by a blow with a Pasteur pipette and transferred to a clean glass dish. They
were left to adhere on the glass surface for about 2-3 hours and washed 4 times with Millipore
filtered sea-water. Wounded animal were obtained by cutting with a little blade when they
were sitting on the bottom of the dish. Individual specimens were selected for RNA and DNA
extractions or in situ hybrydization experiments.

The comb jelly Pleurobrachia pileus was fished at the Marine Biology Station of
Roscoff during plankton collection. We were able to keep some of those specimens in our
laboratories long enough to collect some larva that were washed with Millipore filtered sea
water and then processed for RNA and DNA extraction. The adult animals survived about 10

days in our laboratory and no larvae were observed to reach the adult stage.

Molecular cloning and sequence comparisons

Genomic DNA and total RNA were isolated from both Trichoplax and Pleurobrachia with
the TriReagent (Molecular Research Center) according to the manufacturer‘s
recommendations. First strand cDNA was synthesized with the anchored oligo (dT) primer
XT20V (5'-GGC AGG TCC TCG TTG ACT CGA GAC GT(20)(AGC)-3") by using the
SMART RACE cDNA Amplification Kit (Clontech). With the Smart cDNA of Trichoplax we
were able to perform homology PCR, 3' and 5' RACE to obtain the full length of the Not
homologue and 5' RACE to obtain the full length of 7rox-2. With the Smart cDNA of
Pleurobrachia we were able to conduct homology PCR, 3' and 5' RACE to obtain the full
length of the 7I/x-like gene. A 83 bp Not fragment was amplified with the set of degenerated
primers HoxE and HoxF (Pendleton et al. 1993). For PCR round standard conditions were
used, except that the annealing temperature was 37°C for 10 cycles and 50°C for 40 cycles. A
83 bp Tlx-like fragment was isolated from Pleurobrachia with the same procedure described
previously for Trichoplax Not. PCR products of the expected size were gel purified with a
Qiaquick column (Qiagen), subcloned in the pCRII-TOPO vector (TOPO TA cloning Dual
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Promoter kit, Invitrogen) and sequenced on an ABI PRISM 310 genetic analyser (Applied
Biosystems). Based on the sequences gene-specific primers were designed to carry out the 5'
and 3' RACE as described elsewhere (Miiller et al. 1999). Clones with the complete coding
sequences were isolated for Trichoplax Not (1715 bp) and Trox-2 (1273 bp), a clone with the
complete coding sequence was isolated for Pleurobrachia Tix-like (1355 bp). The sequences
have been submitted to the DNA.

Nucleotide and deduced amino acid sequences were analysed by using the GCG
software package. BLAST searches (Altschul et al. 1997) were performed on the blast
network service at the NCBI (http://www.nbci.nlm.nih.gov). Multiple sequence alignments
and phylogenetic trees based on the neighbour-joining method were generated with Clustal X

(Jeanmougin et al. 1998).

In situ hybridisation

Whole mount in situ hybridisation experiments were carried out with adaptations to the
protocol described for Podocoryne carnea (Spring et al. 2002; Yanze et al. 2001). Animals
were fixed overnight at 4°C in Lavdowsky fixative supplemented with 0.2% glutaraldehyde;
washed 3 times for 30 min in PBST (0.1% Tween20 in PBS); stepwise increasing the
concentration from 15%, 30%, 45%, 60%, 75%, 90% and 100% of step-HB (5 x SSC; 50%
formamide; 50 mg/I heparin; 0.1% Tween20) in 5 x SSC, shaking at each step 10 min at room
temperature (RT); prehybridised in hybridisation buffer (HB) (5 x SSC; 50% formamide; 50
mg/l heparin; 100 mg/l tRNA from E. coli (Sigma type XXI R4251); 0.1% Tween20) for 1h
at 50°C; hybridised with DIG-labelled antisense probe (approximately 20 ng/ml HB) over
night at 50°C; washed 2 times for 20 min at 50°C respectively with WS1 (5 x SSC; 50%
formamide; 0.1% Tween20), WS2 (2 x SSC; 50% formamide; 0.1% Tween20), WS3 (2 x
SSC; 0.1% Tween20) and WS4 (0.2 x SSC; 0.1% Tween20); washed in PBST for 5 min at
RT; washed in blocking solution (1% blocking reagent; 100 mM maleic acid pH 7.5; 150 mM
NaCl) for 1h at RT; incubated with anti-DIG-AP Fab fragments 1:5000 in blocking solution,
over night at 4°C; washed 3 times with PBST and equilibrated in TMNT (100 mM Tris-HCI,
pH 8; 50 mM MgCl2 ; 100 mM NacCl; 0.1% Tween20) for 30 min at RT. Detection was done

incubating the specimens in TMN (100 mM Tris-HCI, pH 8; 50 mM MgCl3 ; 100 mM NaCl)

with 340 mg/l NBT and 175 mg/l BCIP. When the chromogenic reaction was ready (2 to 4
hours), was stopped by washing the specimens in PBST. DIG-RNA-labelled probes were

synthesized according to the manufacture's recommendation (DIG-RNA-labelling, Roche).
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The DNA fragments for Not and Trox-2 probes were amplified with primers designed outside
the homeodomain as following: TNot F3 (5-TTG TCA GCC TAA TCG CTT ACC-3") and
TNot R2 (5'-CCC ACC ATA TAC TGT TGT TGA TC-3"), Trox F2 (5'-ACA TTC CAT CAT
TCA TCG CCT G-3") and Trox R3 (5'-AGT TCT GGA AGA ATC ACT GGT C-3'). These
fragments were subcloned in the pCRII-TOPO vector (TOPO TA cloning Dual Promoter kit,

Invitrogen) and used as template for the probe synthesis.
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Results and discussion

Highly conserved Not homologue from Trichoplax

Trichoplax Not has 70-80% of sequence identity with members of the Not class in the
homeodomain, while there is less than 60% identity with others homeobox genes. In Xenopus
it was shown that Xnot codes for a transcriptional activator, confirmed to the presence of an
engrailed-like activator domain at the amino terminus of the amino acid sequence (Yasuo and
Lemaire 2001). In the alignment done of Trichoplax Not with other members of the family it
appears that some of the species represented lack the engrailed-like activator domain (Fig.
1A). This lack does not have anything to do with the progress of evolution, since for instance
among the non-bilaterians Trichoplax misses the domain while Hydra might have it, and in
bilaterians Drosophila and humans lost it, while all the others species represented have the
domain (Fig. 1A). Most probably the common ancestor of metazoans had the engrailed-like
domain, but during evolution multiple species lost it independently. Perhaps in these

organisms Not was recruited for other functions that do not need this activator domain.
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Fig. 1. Comparison of Trichoplax Not and Trox-2 with class members. (A) The alignment shows the two regions
most conserved in the Not class, the putative engrailed-like activator domain and the homeodomain. The
engrailed-like activator domain is missing in Trichoplax, as well as in Drosophila and human. Conserved
residues in other species are labelled with empty circles. In the Not homeodomain the four putative helixes
involved in DNA binding are highlighted with a bar (after Duboule 1994). (B) The Gsx class has the engrailed-
like activator domain placed at the amino terminal end of the amino acid sequence. Full circles label the residues
that are conserved in Trichoplax. The Gsx homeodomain is labelled like in A. Abbreviations: Ta, Trichoplax
adhaerens; X1 Xenopus leavis; Gg, Gallus gallus; Dm, Drosophila melanogaster; Hv, Hydra vulgaris; Sp,
Strongylocentrotus purpuratus; Dr, Danio rerio; Hs, Homo sapiens; Pc, Podocoryne carnea; Am, Acropora
millepora; Ci, Ciona intestinalis.

We sequenced the missing 5’ end of 7rox-2 in order to have the full information of the
coding sequence and compare it with the other members of the Gsx class (Fig. 1B). Trox-2
has 83-86% of sequence identity with the members of the Gsx class in the homodomain,
while the identity is below 70% with other homeobox genes. Like the Not class, the Gsx class

has an engrailed-like activator domain, which, in contrast to the Not class, is highly conserved
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throughout the Gsx class and is placed at the amino terminus of the amino acid sequence
characterizing this genes (Hayward et al. 2001).

Phylogenetic studies were carried out with the neighbour-joining method based on the
homeodomain of each sequence. The tree indicates that the two Trichoplax gene Not and
Trox-2 belong to well-defined classes (Fig. 2). The homeobox gene that we found in
Pleurobrachia has a low sequence identity of about 50% with several members of non-Hox
classes such as Tlx, Bar and Nk2. In the phylogenetic tree that we show the Pleurobrachia
homoebox gene groups with the Tlx class, but the low similarity and bootstrap value does not

allow to consider this gene as a clear Tlx orthologue.
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Fig. 2. Phylogenetic tree based on the neighbour-joining method generated with Clustal X. Numbers on the
branches are the values relative 1000 bootstrap replicates that support the topology shown, on the bar is the
number of substitution per site. The tree shows clearly that Trichoplax Not belongs to the Not class related to the
Emx and Vax classes. Equally clearly Trichoplax Trox-2 belongs to the para-Hox group Gsx. Pleurobrachia Tlx
belongs to the Tlx class with a low bootstrap value. Abbreviations are like in Fig. 1 exept for: Nv, Nematostella
vectinis; Ef, Ephydatia fluviatilis; Bf, Branchiostoma floridae; Ht, Helobdella triserialis; Pp, Pleurobrachia
pileus.
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Not involvement in remodelling and wound closure of Trichoplax

The powerful tools of functional assays in vertebrates allowed to understand the roles of Not
during development. The gain of function assay in Xenopus shows an enlarged notochord and
reduced muscle tissues (Gont et al. 1996), while the loss of function in zebrafish shows an
opposite pattern with lack of notochord and fusion of somites (Talbot et al. 1995). Xnot is
involved in a pathway where the expressions of BMP and Wnt are inhibited in the dorsal
mesoderm by firz, allowing the maintenance of Xnot expression (Yasuo and Lemaire 2001).
The little knoweldge on Trichoplax embryology does not allowed any developmental
investigation. As an alternative we proceeded by studying regeneration, we treated by in situ

hybridisation intact and regenerating Trichoplax with the following genes: Not, Trox-2 and

Secpl.
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Fig.3 Expression analysis by in situ hybridisation of Trichoplax adhaerens. (A) Not is expressed in the folds of
intact Trichoplax. (B) Trox-2 is weakly expressed at the edge of the intact animal, in some region more than in
others. (C) In an intact animal, Secp! is expressed with a typical ring-shaped pattern along all along the edge.
(D) A Trichoplax that was wounded in three places, each wound shows high expression of Not. (E) Not is still
highly expressed during the closure of the wound. (F) After closure of the wound by edge fusion the Not signal
became weak and is almost undetectable. (G) During wound closure 7rox-2 is not expressed in a regenerating
animal. (H) Secp! does not change the expression pattern a few minutes after a cut, the wound edge has no
signal at all. (I) Secp! expression displays an interruption of the ring-shaped pattern in proximity of the wound.
The bar is 300 um.
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Not in the intact animals is expressed in the body folds (Fig. 3A). This unique
expression pattern is characterized by a strong signal at the bottom of each fold, while the
unfolded body edges appear unlabelled as well as the central part of the body. In intact
animals, 7Trox-2 appears to have a weak signal at the edge of the body (Fig. 3B), differently
than Secp! that has a strong signal covering a broader area along the animal in a typical ring-
shaped expression pattern (Fig. 3C). Moreover, the presence of folds does not affect the
expression pattern of 7rox-2 and Secp!.

As most of the lower metazoans, Trichoplax has a regeneration potential inducible by
cutting one or more pieces of the body. No data are available regarding the dynamic of wound
closure, so it is not clear whether in Trichoplax the regeneration follow a morphallactic
process where no proliferation is required or an epimorphic process. Only the morphological
changes during regeneration have been observed. The wound closure process is fast, just after
the cut the central part of the body contracts, while the two edges of the wound get close by a
sliding movement of the external regions on the central part of the body. In half an hour the
two lips of the wound touch each other and need 10 minutes to fuse with each other, so less
than one hour is required to close the wound (Schwartz 1984). Moreover, it has been shown
that fragments containing both peripheral and central regions of the body are able to
regenerate, while fragments containing only a central part of the body or a peripheral part are
not able to regenerate (Schwartz 1984). The Not expression changes during regeneration with
a dynamic pattern. 10 minutes after the cut a regenerating Trichoplax shows a strong
expression at the wound level (Fig. 3D). During the earliest phases of regeneration the
expression pattern is slightly different than in the intact animal, the regenerating animal has a
high signal at the lip level of the wound while in the remodelling animal the signal is strongest
at the bottom of the folds. Not expression is still high during wound closure, after about 30
minutes the two lips of the wound come closer and the Not signal is still clearly detectable
(Fig. 3E). After the wound closed by fusion of the edges, the Not signal is weak and is almost
undetectable (Fig. 3F).

Like for the intact specimens, we investigated in regenerating animals the expression
patterns of Trox-2 and Secpl. The Trox-2 signal is absent at wound level during regeneration
(Fig. 3G). Although the Trox-2 signal looks weaker than in an intact animal it is not clear
whether the Trox-2 expression went down all over the animal during regeneration. Secp! is
still expressed along the edge of the Trichoplax body except at the wound level (Fig. 3H) and
the regeneration process does not have any effect on Secpl expression in the part of the

Trichoplax body that is still intact. During the last phase of wound closure Secp! is expressed

67



Chapter 3 Results and discussion

in the typical ring shaped pattern in the regenerating animal, but at the wound level has still an
interruption of the signal (Fig. 3I). The dynamic expression pattern of Not during wound
closure suggests that Not is involved in regeneration, although it is not clear which is its role.
In contrast to Not, Trox-2 and Secpl do not change their expression patterns during

regeneration, suggesting that they are not involved in the wound closure process.
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Appendices

Axinella verrucosa Tbx1/15/20

The T-box domain is underlined, the arrow represent the specic primer.
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A\Tb\ F2 >
ACTAEAGCTGCGGACGTCTCGTTGTAAACACAAAGACAATTATACTGCACTTGCAGCTTGGAGGACTCGTCTCGATTGAGCAAGTTTGTGAATTTGCAGG

TOCTGAGGCAAGARGTTAGCAAATTGCAGCCCTCARGTCAARACTTGCARACTACAAGACAAGEAARAATCAGCCACARTCACAGARGACTACCACTTGA
M T E D Y D L T

CTATCATGGATACTATGGAGGCAARCT CTCCCGAATCAT CCACARATGAACTAGATTCACCACCTTCTCTGGAAATGAGAT CGATGGACAGCGAGTACCT
I Mm D TMEAMNS P E S & TWHNEULDSE P P & L EMERSEMUDSE E Y L

AxThx F3
ACCTGATGAGARGGTCCACTGCAGCARTCACCCAGATAGCARGATGGCAGTGECACTGCAGCACCAGAGCAGARAACTGTGGAARCAGT TTGACTCAGTT
P DE KV HOCS NUHUPD S KMATVYVATLGQHG QSR KILWKOFTD g ¥V

GGCACGEAGATEATAGTCACCAGGAGAGAAAGACGEATETTCCOTCCAATCARACTTCACETATT TEACCTGEACCCARATGCCTACTACGTTCTACTGA
G T E M I ¥ T B B G B E M F P P I K WV E VYV F & L D P N A ¥ ¥ WV L L M

TGGACATGG&CCCTGTTGA&ARGTACCGC&ACRRRTACCARAACTCATCETGGGTGRARéGCTTTGARGAAGAGTGCTC*CCGhCACGG%TGTACGTACA
D M A PV DEKGYGRGYKTYONGEST®WYV KCFETETET CESEPTERTLTYUVH

AxTbx F1 »
L g

CCCCGATTCCCCGGCTCTTGGCTCGCACTGGATGCACATGATCATCAACTTCTACAAGCTCAAGCTCACCAACAACCAGCTGGACAAACAGGGCCATATC
P D & P A L G & H W M H M I I N F ¥ K L K L T N N © L D K © G H I

ATTGTAAACAGTATGCACCGCTACCAG CCACGGTTGCACATTGTCGAGT CTCAAGACTG CAACAACCTGAACTGGGAGAACTTCCACACATTCATCTTCC
I v N & M H B ¥ © P E L H I vV E & O D ¢ N N L N W E N F H T F I F P

AXTbx R1
CChGGACACAGTTCACCAC&GTCRCTGCTéACCRGRRTGiCRRGRTCACéCAGTTGRRGATTGRGRACAACCCCTTTGCéAhAGGATTcéGCTCTCCGT&
R T 0O F T T V T A Y ONDEKTITOTLEKTTENNTSPFEFSAEKTGTFTERSETEPF

TTCAGGCTG&AGAACAGGCAlLLLLLLCAARGCAbuL1LLLLLLUuuu1;CAACAGCGA&TCAGGGGCCéATUhThGTAéAAGCCCATC%hTCATCCTTé
s RCRTRTITLTGPEKGASGTFET PO GPTATG QG PMTITYVETE BTHTILTSE S F

CTCCTCACTTCCTCTTGCCTCCTARCC TCARACAAGATCACATGCCAGT CGGCCAARAACGCAAGT COGATGATGACAACAATGCTACTAGTCCARGAGT
L L. T & & ¢ L L T s N K I TTCCOQ & A KNWDSBSESPMMTTMILILVV Q E @

RGRTTTGCT%GECAGCTGCAGCTCCRGRRéAGGGGGTCRiCAGCRTTGCéRCACCCCRAéTCATCCCCAACCCAACTTCéACTGCAGTﬁéTChCTGCCCé
I ¢ LTAHAAPEG QG GUVTISTIAET®POQLTIPHNTEPETSTA ATYVVTASFP

CAGTTCACCCACTGTCGCGARTAGTGCTCCTGTGTACAT TG TCTACAAGCCAGTACTTCAGT CAGCCGAGAAGCAGTCTCCGARACGTETAGAGCCCACT
s s P TVAMNSEAPUVYTIVYZEKTPVTLOQSSAETEKT S ESTPEKT RTYVETPT

ACRACCACTGTGATCCATCCCGGGATGAATGGCACTACGTTTAT CCAGGGAAGCAATGGGCACATCCTCAACGGTGCCACCATCATTCAAGCCCAGCCAD
T TTV I H P GM NOGTT FTI QG & UNGHTIULDNSGA ATTITIOQQH® AZ®GQTPFP

COACCAGCCCCAGTACART CTGCACAGCTECTATTEOCCCACTAATTCGACCACAAGTTOTTTCTCCGACTATTECACCTECACTTCAGAATCTTAATGE
T & p &5 T I ¢ T A A V A PV VERUPQQWV L & P & V G A AV Q N L N G

TAGTRCTGT+AGTACCGCCATTGTCCRAGéCRCTCCRACéTTCCTCRAT&GGRCGACRG&ATTGTTCRA&GCAAACAGGéﬁGGCAGCAT&TATCCATCCé
£ TVsETAIVQATEPTTFTLNS GTTH ATLTFUNSATENERGE GATATFTIHP

CATAGCATTGCARATGGACTTAGCTTTGCTEGCACATCCTCTCAGCTTATGACAACCA CAGCEACT CCCAGARTTACAGAAGCAGTTTCTGAAGCCARRA
H S I aN L s F AGTSE€GgLVTTTTA ARG ATFPTRTITTET ATYVSEES ZTER

< __AxThx R4

GGAGCCATGGTCCTTGCACTATTGACATCAGARGCCTTACAAAAGAGGGCAATGTGCACGTCGCGAAATCCCGGCCTCCACCTCTTGTTGAAGTCAGTGA
§ H G P CTTIDI E &L T K EGWNWVHV A KZEIRFPF P PL VWV E V & E

AGTTAAGAGARAATCATCCCGAGAAAAGTTTTCCARCCCCACAGTACGACAGCATGAACTGGAAGGCTTGACTTCCATCTCAGCTAGCARCACTGCAGCA
vV KR K s & R EKVF s NUPTWVRQHETLEZGLTS S TI s A S NT AR A

ACTCAGAGCATACTGATCCCAGCACCT ACAAATGEAATGOAGAAGATATTTATTCTGGCTCARARA TCAGACTETCOTGETACCATTTTCATCCCGECAT
T g s 1LV GPAPTUHNTGMGEKTYVTFTIVATETEKTEDG CECS®P PeTTITFTIT®PAaTPD

CAECEGCACCTGCCGCTGTTGATGCTGCAGCTATGAACAACACAGACGGTTATTCCTATGGCATATGATCAGCAAGTAGTTEATACCATGCCAATATATC
T A P A A V D A A AR M N NTTUDG Y & Y G I

AxTbx R3
GATTTGGTGCCTTCAACACACTACAGCCAATCCARATCCTTGCARCACCGGTTGCAGCTGGT CCGAATGCTTCCTGAGTTTATTTTAAGGCTCCAGCTAC

hTTTTTﬂGT%GCﬁAﬂTTﬂTéﬂcCTCTTTAACTTAGTGAGéRGCCTGGTCiGTATAGAGT%CAAAOGCAT%CTTGGCATTéTTCTTTCﬂAAGTGCTGTGAA
COTTCTTACTATARACACCOTGATTCAGACTGTACCTCTATARAACTGCCACTEATATCCCATCATTT TTGCACCCAGATTTTTCEGAGTCTTGTATCTT
TCTTETTTT&CﬁTCﬂCTCﬂiﬂRCTGTRCﬂéTTTGTTTCCATGCCTTAATATRTTTTTTG&AGTTCACATAAGCARGRGGARTGGTCCAGAATTTCCATT&
GTCTTGTAT%ﬂGTTTOGTﬂéTAC CTCCﬂécTTATAGCTARCﬂTﬁCﬂTGiGTGTTGTTGéATAGCTGTAéTGTATCTCT%CcﬁﬂcﬂcﬂA%GﬂcﬂTTTTci
ACTGGCR 2607 AxTbx R2

2o

100

200
B8

300
41

400
74

500
108

600
141

700
174

300
208

Q00
241

1000
274

1100
ioe

1200
341

1300
374

1400
408

1500
441

1600
474

1700
508

1800
541

1500
574

2000
608

2100
629

2200
2300
2400
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2600
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Axinella verrucosa Elongation factor-1-alpha
The arrow represent the specific primer

161

241
35

321
62

401
89

481
115

561
142

641
16%

721
155

801
222

881
249

961
275

1041
302

1121
328

1201
355

1281
382

1361
409

1441
435

1521
462

1601

AxEfF3 >
GATGCGCAACCCAAGTTCTTCCTTTTCTCTGACGTGCGAAGTTCTGGCARGTCGGGACACTGTAACCTGCGTAGTGAATC

TACCTCAATCGTTCTACCCATTCATTCCCAGAGCCTCTGARACGAGACAGTCACCACCATGCCGAAGGAGARGATTCACA
M P K E K I H I

TCAATATCGTGGTTATCGGCCACGTAGACTCCGGGARATCCACCACCACCGGCCATCTCATCTACARGTGCGGCGGTATC
N I vV iIGGHWVD S G K S TTTGHTLTIUYEKCG G I

AxEfF2 _ »

GACAAGAGRACGATCGAGARGTTCGAGRAGGAAGCGCAGGAGATGGGCARGGGTTCGTTCAAGTATGCCTGGGTGTTGGA
bD KR T I E K F E K EAOQE EMGIEKG S F K Y A WV L D

CARAACTARARGCAGAGCGTGRACGTGGAATCACCATCGACATTGCACTATGGARGTTTGAGRACCACCARATACTACATCA
K L K A ER E&RSGTITTIDTIAULWIEKU FETTI K Y Y I T

CTGTAATTGACGCCCCAGGACATCGTGACTTCATCARGAACATGATTACAGGAACATCACAAGCTGACTGTGCTGTATTG
v il D AP GH&ERD FTIKWNMTITSGTS Q@ A D C A V L

ATTGTGGCTGCTGGCACAGGTGRATTTGAAGCAGGCATCTCCAAGARCGGGCARACAAGAGAGCATGCGCTGTTGGCGTA
1 vaAa AR G T G EVF E ARG I &8 KNGOQTUREUH®ATLTIL A Y

CACCCTCGGCGTGAAGCAGCTCATCGTAGGTGTCRACARGATGGACAGCACAGAGCCACCATACAGTGAGCCTCGTTTCA
T L. ¢ v K¢ L I v G VvV N KMUD S TE P P Y S E P R F N

ACGAGATCATCAAAGARAGTGGGGGCCTACATCAAGARAGATTGGCTACAARCCCGAARAGCTGTTGCCTTTGTTCCCATCTCT
E I I K E V 6 A ¥ I K K I 6 Y N P K A V A F V P I s

GGTTGGCATGGTGACRACATGCTTGAGCCTAGTGACAATATGTCATGGTTCRAGGGATGGAATGT TGAACGGRAGGAGGG
G W H GGDNMILE P S D NM S WV F K G WWNV E R KE G

GARCGCARCCGGTAAGACTTTGTTCACATGTCTCGATTCCATCCTCCCTCCAARGAGACCTACTGAGAAGCCCCTCAGAC
N A T G K TLF T CCL D S I L P P KR P TEI KPULURL

AxEfR2
TTCCTCTCCAGGACGTCTACRAGATTGGAGGTATTGGCACGGTTCCAGTGGGCCGTGTTGAGACCGGTATCCTGARACCT

P L Q D VY KI G GTIGTV P V G RV ETGTIUL K P
AxErF1

GGAATGGTGGTCACCATCTCTCCTGCCRACATCACCRCGGAGGTGARGTCTGTCGAGATGCATCACGAGTCGCTTACCGAR
G M vwv TTI S P ANTITTEV K S V EMHUHEE S L T E

>

GGCTCTTCCCGGAGACAACGTGGGATTCAACATCAARGAACGTGTCTGTGAAGGAGGTTCGTCGCGGTATGGTTGCCGGGGE
A L P G D NV G F NI KNV sS V K EVVEUZRGMVWV®AG D

ACTCCARAGAATGACCCCCCGRAGGCTGCCAAGAGCTTTCTTGCTCAGGTTATCATCC TARATCACCCTGGCCAGATCCAT
S K N D P P KA A K S FL A Q V I I L NHUPG QI H

AXEfRI

GCTGGCTACTCCCCTGTGCTTGATTGCCACACTGCCCATATTGCATGCAAGTTCGCTGAARCTGAAGGAAARAGTGTGACCG
A G Y &8 PV L D CHTAUHTIWATZGCI KT FA AT ETLI KEIEKCUDR

GAGAAGTGGGAAGAAGCTGGAAGACRATCCCARGTCCGTARAGAGCGGGGACGCTGCCATCGTCGAGCTTGTCCCAAGCA
R & G K KL EDNUPE K S V K s D AARTIUVETLUV P S K

AGCCARTGTGTGTGGAGGCTTTTTCAGAATATCCCCCTCTCGGCAGATTTGCAGTTCGTGACATGAAGCARACGGTTGCC
P M CV E A F 8§ E Y P P L GERVFA AUV RDMIEKOQT V A

GTTGGCGTTATCAAGTCTGTCGAGARGCAGGAGGGCAAGGGTGGCAARRGTAACAARGGCAGCTCAGRAGGCGCAGAAGARA
v ¢ vV I K s V E KOQEGU KGGE KV TEKARU- RAROQIEKA-AOQ K K

GRAGTGATGAAGGGTGATATTATAGGACGCTAATTGTTAGGARCTATTATATTATTCTTGTTCACATTCATTATTTGTAT
K *

GTATATAATGGTTTCCTTTCAATAATGGEFATCAATTTCCATTTCTGA‘N} 1648
- AXEFR3

80

160

240
34

320
61

400
88

480
114

560
141

640
168

720
154

800
221

880
248

960
274

1040
301

1120
328

1200
354

1280
38l

1360
408

1440
434

1520
461

1600
462

79



Appendices

Podocoryne carnea Aristaless
The arrows indicate the specific primers, the homoedomain is underlined.

81
22

161
49

241
76

321
102

401
129

481
156

561
182

641
209

721
236

801
262

881
289

961

1041

ArxFl

AGTTGAACTTACCAGACATGTTCCAGTGGTCAAGAAATTCATCETACGCTTCCTGTTGTCCAGGAAGTTGCTGCACTGAA
M F QWS RNSSSYASCCRTGT SO CCTE

ArxR2

AACATATCARACGAAATGGAAGAAGAATATTACTCAATGTGCAGATCAARAACARAGAAGAAATCGAACAACATTCACAAR
N I 8§ N E M E E E Y ¥ § M C R S K Q R R N R T T F T K

ACAACAACTTCAAGAACTTGAGATCACTTTCCAAAAGAAACACTATCCTGATATAAATACAAGAGAAGCATTAGCTGARA
Q 0L 0 E L ETITTFOJKTZEKHTYUPDTINTERTEHSATILATEK

AGATTGGAAfTACTGAAGCAAGAATACAGéTATGGTTTCAAAACCGTCG%GCCAAATGGAGAAAGTTATéGTCCGCAAAé
I 6 I T E A R I © WV W F © N R R A K W R K L §_S A K

44—
ArxF2 [ ArxR1
CAACGCATCCTACAAAGAAATGCCCARATACGTTCARGTCACGATTATTTACTTGAACATCCATGGTCACCCGTTCCARG

Q R I L Q RN A Q I R S S HDY L L EH P W S P V P S

CAGTGCATCTCAGTTAGTTCTCACAGATAGAATGAAGCATGAACGTCCAGATCATTTGTCGCCGCCTTTAGCAACTTCAA
s A § 0LV ILTDTERMEKTH TETERT PDTHTELS®POPTLAT ST

CACATAGAA&TCCTGTCAAACTGGAAAGAéCAGAAGAAGATGGTGTCGAAGAGGTCAATfATACAATGAATAGGTTGAAé
H R S PV KL ERP EED GV EZEVDNDYTMUDNIRUL K

COAGCAGAAAAAAATGTTTTAGAAAGAATCCCAATCAGACAAAATTCTGAATTTGATCGGATATATCCCGARAGACATCG
P A E KNV LETRTITPTIT RS GOGINTSETETFTDT RTIJTYGP PETRTEHR

GAAGTATCCCGAATATCGCCATGAAGTTCATCGTACAGAAACTGATTCTCCTTCAAGAATAGAATCTACGACATCATTCGA
K Y P EY RHEVTZHTRTTETTDTESUD P SRTITETSESTREHETHES S K

AACAATTTCCACCAATGATGTCATTTCCATATCACC TGCCAATACCGTETCCATGTARAAGTTGCTATATGAATCCCATT
Q F P FP M M 8 F FP Y H L P I P C P C K 8 cC ¥y M N P I

ArxR3

GAAATGATGTATAAAAATCATCACTCAAGACACCCTTCTTTCGTCARATCGTCTCATACATCGCTCAAAAACATTGAARG
EMMY K N HH S R HP §8 F V K § 5 HT S L K NI E R

AAAAACATACGGAGAGGAGAGAGAGACACGCGATGACATGCTCGAGGATTAAAACATAAAAACAACTGCGGTTCGAGTAA
K T Y GEETRTETT RTDTDMTILE D *

CCAAACARAACAAATACAACTACGAACCTCTTTTATTTGTACAAAATTCTTGCTTGCAATARAGCGTAACTTCTTGCGAT

GTAATTTTAAATTATTCGCAATACATTGGCATTARAAGTTA 1081

80
21

160
48

240
75

320
101

400
128

480
155

560
181

640
208

720
235

800
261

880
288

960
304

1040

80
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Podocoryne carnea Elongation factor-1-alpha
The arrows represent the specific primers.

e

Bl
22

1lel
49

241
75

321
102

401
129

481
155

561
182

641
209

721
235

801
262

881
289

961
315

1041
342

1121
369

1201
395

1281
422

1361
449

1441

1521

l’c.]:lf k5 >

ATCTAATTCAATTTCAATATGGCCCCAAAAGAAAAAGCCAAGATACACA%CAACATTGT&GTAATTGGTéATGTCGATTé
M A P K E K A K I H I N I V V I G HV D 8§

TGGAARATCAACAAGTACTGGACATTTGATTTACARATGTGGTGGTATTGATARACGAACCATCGAARAATTCGAGARGS
G K 8§ T 8§ T G H L I Y K ¢ G G I D K R T I E K F E K E

PeEfFT -

AAGCCCAGGARATGGGTAAAGGTTCTTTCARAATACGCCTGGGTCTTGGACAAATTGARGGCAGALRCGTGAACGTGGTATT
A Q EM G K G 8 F K Y A WV L D KTULI KW AZEIRETR G I

ACTATTGATATTGCTTTATGGAAATTCGARACAACCARATTTTACGTGACAATTATTGATGCTCC TGGACATCGTGATTT
T I D I A L W K F E T T K F ¥ WV T I I D A P G H R D F

CATCARGARCATGATCACTGGTACATCACARGCTGATTGTGCTGTGTTGATTGTTGCTTCGAGTACTGGTGAATTCGAGG
I K N M I TG T S$ Q A D CAV L I V A S§ 8 T G E F E A

CTGGTATTTCTAAAAATCGACAGACTCGTGAACATGCCTTGTTGGCCTACACTTTGEGTGTGARACARCT TATCATTGET
G I S K N 6 Q T R E H A L L A Y T L G V K Q L I I G

GTAAATAARATCGATAATACTGAGCCCCCATACAGTGAGGCTCGATTCAATGARATCAAGARAGAAGTCGAAGGATATET
vV N K I D N T E P P Y 8 E A R F N E I K K E V E G Y WV

AARRAAAGTTGGTTACAACCCAARAGCAGTTGCTATCCTCCCAATTTCTGGTTGGCATGGAGATAACATGT TGGAAGRAAT
K K v 6 Y N P KA VATITULUPTISGWHGUDDNMMTL E E S

PcEfRS

CGACCAAATCCARATGGTTCARAGETTGEGCAACTGAACGAGTAGACCAGGACAAAAAAGTCATARACAGCTCAGGCAAR
T K S K W F K ¢ W A T E R VvV D E D K K WV I N 5§ § G K

ACATTGTTCGAAGCATTGGATGCTATTGTGCCACCTTCACGACCATCGAATARACCTCTCCGTCTGCCACTTCAAGACGT
T L F E A LD ATIV PP S R P S NKUPULU RTULUPILGQUDV

ATACAAAATTGGAGGTATTGGTACAGTGCCAGTTGGCAGAGTTGAAACAGGTAAAATCATGCCTGGTATGGTTGTTACAT
Yy K I ¢ 6 I ¢ TV PV GRVETS GI KTIM?PGMWVVWVTF

TTGCTCCATGTGGCATCTCCACTGAAGTCARATCTGTTGARATGCATCATACTGCTATGCCAGAAGCTTTACCTGGTGAC
A PCGTISTEVYVTEKSVEMEHEzHETA AMTPEA ATLZPGD

EF1aF
> .

AATGTTGGCTTCAATGTCAAGAATGTGTCAATCARAGAAATTARRCGTGGTATGGTTGCCTCTGACAGTAARRATGATCC
N V G F N V XNV s I K E I K R G MV A 5 D S K ND P

PeEfFor6
TGCCAAGGAAGCCAAGACCTTTTACGCCCAGGTCATCATCTTGAACCATCCCGGTGAGATCCACGCTGGTTACCAACCTG
A E A KTFVYAOQVTITITLNTBHTPGTETLITHATGTYOQFPV
PoFT Revd

TGCTCGATTGTCACACCGCTCATGTTGOTTGCARGTTCACTGAATTGAAACAGAAATGTGACAGACGTAGTGECARAGTT
L 2 H T A H vV A C K F T E L K Q@ K C D R R § G K v

EFRIc

TTGGARGARARTCCTARACTTGTTAAATCAGGTGATGCTGCCATGATCACTTTGACACCATCARAACCAATGTGTGTTGA
L EENP KLV K 8 GDAAMTITTULTP S KUPMTU<OCV E

EF1aR
AGCTTTTTCAGACTATGCACCATTAGGACGTTTCGCTGTARGAGATATGAGACAAACCGTAGCCGTTGGCGTTATCAAAT
A F s D ¥Y A P L GEREVF AV RDMZERZGQTV AV GV I K S

CAGTAGAGAAGGCCGARGCTGGTGGTAAAATGACAAAATCTGCTCARRAAGCARCTGGTGGCARGARGAAGTGACATCCT
vV E K A E A G G KM T K S A Q K A T G G K K K *

4 PcEf R3
TCATTGAAATATTGTGCTATGTTATTCCGAACTAGAATTTTTCATGARCACTTATGARGGARACTGTAATCTGTCAATTG

ATTCGATGTGA 1531
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Appendices

Podocoryne carnea Tbx4/5
The arrows represent the specific primers, the T-box domain is underlined.

161
23

241
50

321
77

401
103

481
130

561
157

641
183

721
210

801
237

BB1
263

961
290

1041
317

1121
343

1201
370

1281
397

1361
423

1441
450

1521

1601

PcThx2 I3
TATTTACTTTTARAAATAGTTTTTAATAGTGATATATATATTGCAARAAGTTAATCTCTCGTCAAACAGTACTCGACCCAG

GAGGCTGGATTARAATGGCAGACAAGARAACAGAACAAACATCTTCTTTATGTATACAAGGTACTCCTGGAGCCCGTCAG
M A D XK KTE QTS S 1L CTIOQOGTT PGA AT ROQ

TATCGGCGGAATTTGCGGCCGCTCATTGCTGCATCAAACAAGTTCARACAAGARCCAGAATATACTGATT TGARACCCAC
Yy R R NL R P L I A A S NI KUVF K QQEUPEYTUDIULI K?PT

< PcThx2 R3

AACGGATTCGAAGAACGACATGGTTCAARACCTCACARATCATATCAACGAAGCAGCGCAGTATCTACAACAACCATCGC
T p §$s K N DMV @ NTULTWNUHTIWNEA AA AZGQYULOQOQZP 8 Q

AAGTGACCGGTGATGGCGAAGTTACGCATTATGGTGCGCARARACGCGAAGACGCGAACGTTCGTGTCATCCTACARALC
v T D GG E V THY GG AQ KRED ANWVR RV IUL QN

AAAGAGTTGTGGAGCARATTTCATAGTGTGGGTACGGAGATGATCATTACGAAAGCCGGAAGGAGAATGTTTCCAGTGAT
K E L W s K F H 8 WV G T E M I I T K A G E R M F P V 1

CARAGTGAATATTTCTGGATTGAATCCARAATTGARATATATCCTTGTTATGGATGT TG TACCGGTAGACGACAATCGCT
K V N I S 6 L N P XK L K Y I L VMDYV PV DDNTE Y

ACAAATATCATAATTCAGAATGGACTGTAGCGEECARAGCTGAGCCACACCTACCGGGECAGATTATATGTCCACCCGGAT
K Y H N 8 E W T V A G KA GE P HLPGRTILY YV H P D

GGTCCTTCCACCGGTGCACAGTGGATGCGACARAACTGTTAGTTTTCAGAAAGTGARACTTACAAATAATCATTTGGATCA
G P S T G A ©Q W M R Q T V 8§ F Q K V K L T N N H L D Q

PcTbx2 F1
GTTTGAGCATGTGATTTTGAATTCAATGCACAAGTACCAGCCTCGTATTCATATTGTACAAGCCGATGATAATTCCGCAG
F E H VvV I L N S M H K ¥ © P R I H I V © A D D N S A E
PcTbx2 12 » « PcTbx2 R2
ARGCATTACGTAAGAGTACTTTCACGACACACGTGTTTACAGARAMCCGAGCTGATAGCAGTCACTGCGTATCARRAGCCCA
A L R K S T F T T H W F T E T E L I A V T A ¥ QO S5 P

< PcTt_)xZ R1

CGTATCACACAACTGAARATTGAAGACAATCCATTTGCGARAGGATTTCGTGGCGCGTGTAACACGGATTATCATGGTAT
R I T O L K I E D N P F A K G F R G A CNTD Y HG M

GARAAGATATCACGACCAAGACTTACTATACGCTTCAAAGAGAGCATATTCTCCATCATACAATACCGTGGGTTTACCTA
K R ¥ H D Q D L L Y A s KE R A Y s P s Y N T V G L P k=

GTCTACAGTGTCACATGGGTGGAGGRATGTTCATGCAGAGGCCCGGTTATATTCCAGATATTTATGGAAATGCAGCACGC
L Q CH M GG M FMQRP G Y I PDI Y G N A AR

TACAGTTCAAGCGAGTATCCATATGCTATCTCACCATACATGTCGAAAACGTGTAATCARATACAACCGTGGCATGTGAC
Yy s s s E Y P Y AT S PYMSEKT O CNG OTT O PWEHUVT

AGATGACCAGAGACCTGGCAGCTCTTCGCCAAACTCARACGACATATGTAATCCTCCAAGTTTAGCAGTTCCTCCTCTAT
D D@ R P G S S S PNSNDTIOCNUPUPSs L AV P P L 8

CGOATCAGCCGETTCTTCCTTCATAT TCTCTGTCACCTGGETACGECATTACTCCATCTCAGATGCCATTTTATTCATCC
H QP VLDP S SYSSLSPGJYGYVTT®PSEOQMT®PEFTYS 8

ACCAGTCCAACTCAACACGGARCAAGTTATACAACTCAGGAACCAAAGTCACCTTATARCGCATGGCARCCGTCTGAGAC
T s P T @Q H G T s ¥ T T Q@ E P K 8 P Y N A W Q P 8 E T

TATATACCCATACCATTAAGACAGCACAGGGTTGAAGCTTTCGAGTTCGACAGAATTCGTTGATACATTTTAGATAATAT
I ¥ P ¥ H =*

GACAARAGAGATATTTATTATATTATTCATGCGTCGTTTGTARATTTCGTGCATTGTGTACATAAATATAATATAGATGC
- PeThx2 Rd

GGTATATAAAGGATTTTATGTAATATGAAGAAGCTATTCAGACTTTA 1647

(20}
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61
13

121
33

181

241

301

361

421
39

481

Podocoryne carnea Thx] (fragment)
The intron-eson junction are bold typed, the intron is with small letters.

The arrows represent the specific primers.

PcTbx1 F1

: : ; : > :
TTAATTCAATGCACAAATATCAGCCTCGTATTCATATTGTTTCCGCATGTGACATATATG
R I H I vV 58 A C D I Y A

PcTbx F2 > < PcTbx R2

CGATACAATTTCAACCGTTTCACACTTTCACGTTTCCTGAGTGTCAATTCATTGCAGTGA
I1 0O F 0 P F HTTF FTT FG®PETCTO OTFTIA ATVT

CAGCCTATCAAAATTCACAAgtgagttttccgtatcatactagtgggcgaagcatggtca
A Y Q N S Q

agcaatgtttttaaaaaaatgagccgttgagacatggcatgactggattcctaatgtget
cgtgccagggatattettnttttnngttnanttttttttttgacaaaattaccaaaagga
gacgaaaagcgctgggaacgagattgcgaatgcttcectttaataccaattegaattttttt

ttttttecgtcaacgacttcaaagtgttaacgatacttcatcaacgttattcaacgattta
< PcTbx R1

ttcatatctgatttcagATTACACAACTCAAAATTGAACACAACCCATTCGCGAAGGGAT
I T Q L K I E H

TCAG 484

60
12

120
32

180
38

240

300

360

420

480
48
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Pleurobrachia pileus Brachyury
The arrows represent the specific primers, the T-box domain is underlined.

1

161

241
32

321
58

401
85

481
112

561
138

641
165

721
182

801
218

881
245

961
272

1041
298

1121
325

1201
352

1281
378

1361
405

1441
432

1521
458

1601

1681

PpBra F4

>

CGGCGCAGTETATGEATTCGCCTTTTCAACEACACTCECAGEEACTCTCGEATCGAGCACTC TAACCCTCGCTGETGTTT

TCCCACTGATCACCAGTTATTATATACTTGTTCCCCTCACCGCTTARATACAGTTCARCARCTCCTTCRAATGAGTACTGC
M 8 T A

CARCTCGTTTTGTTCCCAGTTTCTCARGCARCCAGCAGCAGCAGCAGCAGCTTCATTCTCCGTTAACTCGCTCCTTGCCT
N &8 F ¢ 8§ @ F L K Q P A A A A A A S F 8§ V N S L L A S

CGGGAATGGARGAGCAACCACAGTACAATACGECTGATATCACAACAGCAGEAGATCCCACAACTGCTCACAGTATCCTS
G M EEQPOQTYNTA ADMTTG ATGT DT PTTA ATEHTSETIL

TTGGAGCAGARACCTCACCAGCCACATGCTGACCTAGATGAGAAGEAGC TG TEEETECGETTCAATCETCTTACARATGA
L EOKPDSOTPHGBATETLTDTETZ KETLE®YRPFDNERTELTNE

GATGATAGTCACCAAGAATGGARGGCGARTGTTTCCAG TATTGAAGGTGAATTTGAGTGGATTAGACCCCCACGEAATAT
M I Vv T K N &6 R E M F P WV LhL K WV N L § G L. D P H G M ¥

ACTCCCTCTGCCTGGGGTTCACCCCCATTGACAATCACAGGTGGARATATGTGAATGGAGAGTGGGTTCCAGGTGGTARA
s L C L G F T P I D N H R W K ¥ WV N G E W WV P G G K

PpBra I3 > PpBra F1

CCGGAGCCCCCAGCTCCCGGTTGTGTCTACGTCCACCCCGATTCCCCGAACTTTGGAGCACACTGGATGARGCARAACAGT
P E P P A P G C WV ¥ V H P D S P N F G A H W M K O T V

PpBra F2 [y
L

GAGCTTCTCCARAGTGARACTCACCAATAAACTTAACGGCGGCGCACAGATAATGCTTAACTCGTTGCACARGTACGAGT
S F S5 K WV K L. T N K L N G G G 0O I M I, N 8§ . H K Y E P

PpBra R2 < TPpBra K1

CACGCCTTCARACATTATTCGAGTGGGTGCCCCTGATGTCTCARAGAGTGTCTTCACCTACTCTTTCGCCGAGAGTCGCTTC
R L H I T R WV G A P D V & K & WV F T ¥ S F A E S R F

ATAGCCGTGACCGCCTACCAGAATGAAGAGATTACCGGGCTGAAGATAARATATRAATCCGTTCGCTARAGGCGTTCCTAGA
I A V T A ¥ O N FEF EF I T G L K I K ¥ N P F A K A F L D

TGCARAGGARAGGCARGAGARAGATATCCATGEACAGAAGCGGGAGAGAGAGGATTGTGECTCGACTAGTARATCCCTTT
A KERGOTETZKTPDTHTGOT KT RTETRTETDT T CTG G ESTTZ EZEKTSE ETL S

CATCGTGTAGTTTCTATAATCGAGTGECAGCTEGAGGACACCATCCAGATCATCARAGGAGECCAGCTARACGEETETER
s [ =4 F ¥ N R V A A G G H H P D H E R R P A K R V C

CTGAACACCCCTAACTATGCTTTCCCTCGCCATCCTGCACTTGACCTCGCCGGCAGAGTAAGCAACACGACAGGAGGGTT
L N T PN Y A F P RHUPAILUDILAUGU® RV S NTTG G L

ACACGGCTTCCAAGGTGRAAACAGTGCAACCARCAGCAGCAGTAGCTCCCACCTACTCGGATGTATGGACATCACCCTTCA
H G F @ G E TV Q P T A A YV A P T Y & D V W TS P F T

CACCACATACTGAATCCTACTGGACTTCATCCTACAATACATACAGTCCAGCACTGCARCCTTATC TTCCTETTAaCCTCA
P HTETGSTYW®WTSSESYDNTTYSESAATLTO QT PTYTLODPV TS

ACCTATACCTCCCCATCCTCCCTTGTTCATCCGCAEATCARGAACEAACCARCAGARGTCCGACGATTGACACTACTGTT
T ¥ T 8 P § 5§ L WV H F R V K E E P T E V E E L A L L L

GCTATGGATTTATTCTCAGCTGTTGGGGACGGCACCGAGCACGATCCCAGTTCCTATCTGCCTTGGAGCGCARACTTCGA
L w I ¥ $ ¢Q L. L & TAUP S TTI PV /P I CLGAOQTS T

CAGCAGACGGTCAGTGEGTGGAACCTAGCCCACAGTTCCCCTGACAGAATGGAACAACAATG TACGATATATGAGAGTGEE
A DGO OTW®WNTLATGHTGESSPDRMETG QO OTCTTIZYTES S G

ATGCGATGTCAGATAACAGATTATGGACATTAACCAGC TTGTGATATATACAGGATATTAT TG TTAT TCAGCACTTTATT
M R C @Q I T D ¥ G H *

TCCTACGTCGGAGATAGCTGTTCTCGATTGGATAGGCTCGAATACATAGRAAGCCCAGTGTATTGAGTATGRAACAATTTTG

AATATCARGCCTCATTTTTATACGATCCGTTTGATTGCARATTCTTAGTTTA
PpBra R3

1731

20)

160

240
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400
84

480
111

560
137

640
164

720
191

800
217

880
244

960
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1040
297

1120
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1280
377

1360
404

1440
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Pleurobrachia pileus Elongation factor-1-alpha
The arrows represent the specific primers.

Bl
22

161
48

241
75

321
102

401
128

481
155

561
182

641
208

721
235

801
262

881
288

961
315

1041
342

1121
368

1201
395

1281
422

1361
448

1441

PpEfF3 -
|

ATTTTAGTAGCCAGAAGCCATGCOTCCCARGCGAAATAAGGAGAAGCCCCATCTGAACATTGTTGTCATTGGTCATGTCG
M PP K RNTEKTETKTPHTELINTIUVVUVTIGTHUV D

ACTCTGGTARATCTACCACCACCEGACATTTGATCTTTAAGTGCGATGETATCCATCACCCARCCATTCAGAAGTTCAAG
S ¢ K 8§ TTTGUHTLTIFTZEKT CG GUVDODTRTTITETZKF K

ABGGAGGCCGAGGAGATEEGCAAGGEATCCTTCTGTTATGC TTGEETTCTGEACAAGCTGAAGTCCGAGCETCAGAGEGE
K EAEEMGZEKTGTSTFCVYAMWTYTLODTEKTELTEKTSTETRTE R G

AATCACAAT&GATATTGCT&TTATGCAGT%CGAGACCCCéAAGTTCGATéUZACCATTAfDSATGCCCCéGGACACAGGé
I T I D I A L M Q F E T P K F D V T I I D A P G H R D
PPEfF2 o
. . Lol . . . . . .
ATTTCATCAAGAACATGATCACTGGAACTTCTCAGGCTGATGCTGCTGTGCTCATTGTCGCTGCCGGARCCGGAGAATTC
F I K N M I T GG T & @ A D A A V L I V A A G T G E F

GAGGCTGGAATTTCCTCCAACGGACAGACCAGGGAACATCTCCTCCTGGCTTTCACCCTCGGAGTTCGAGAGGTTATCAT
E A G I S S NGOQTR RTETHTLTLTLATFTTLGVTUREV I I

TGCCATCAACAAGATCGACACCACATCTCCOCCTTATAACGAGECACGATACAATGAGATCARGARGCAGETTGATACCT
A I N KMDTTTSOPOP VY NETBATE RTYNTETITKTEKTETV VGRAaY

ACCTGAAGAAGGTTGGETTTCCAGETTCCCOGAGTGCCCTTCATCCCCATCTCTGEGTTCAAGGGAGATAACATGGATACC
L KK VGFOQV VTGP PRUYVDPFTITPTISESGTFTEKT GDNMTDT

CTGACTACTAACATCAGCTCETAGAAGCEAGCCAAGETECTCACCEGCCACARAGGAAAGCARAACCEARGCCACCATGCA
L T T QN M S WWZEKTGA ATEKTYVTELTGCTETE KT GTEKTETZ KTETA ATV H

CTTCCTGACTGAGGCCCTCGACAATGTCACTCCCCCCACCCGACCCTTCACCARGCCCCTCAGGCTGCCCCTTCAGGATG
FLTEATLTDONTVYVTTP®PTTRTPTFTTE KT PTLTZ RTILTPTLGQTDV

TCTACAAGATTGETGECATIGEAACEETTCOCETGAGCCGAGTCCAGACCGEAATCAT CAAGCCTGGCATGETTETTACC
Y K I G G I G T VvV P V G R V E T G I I KE P G M V V T
PpEfF1

TTCGGACCCGTCGGACTCACCACTGAGGTTAAGTCTGTTGAGATGCATCACGAATCCCTCCCTGAGGCCGCTCCCGGAGA
F GPUVGTLTTETVT KSVEMEHEHEzETSTLTPETA AR ATEPGD

—>

CAACGTTGGTTTCAACATCAAGAA CGTCECCGTCARGEAGATCAAGCGAGEATTTGTTGCTTCTGACAGCAAGAACGACT
N VvV G F N I K N V A Vv K E I K R G F V A § D &§ K N D P

< PPEFR1
CAGCCAAGGAGGCCGTCGAATTCGAGGCCCAGGTTATTATCATGAACCACCCTGGCTCCATCAGTAACGGATATACCCCC
A KEAVTETFTEAGBAGOGVTITIMNZEHETPGSTISZSNG GTYTFP
PpEf R2
« p

GTCCTCGATTGCCACACATCTCACATCGCCTGTAAGTTCACAGAGAT TARATCCARGATCCACAAGCCATCAGGARAGET
vVIDOCEHTS SHTIATGCTEKTETTETT KTSEEKTITDTEKT RTSTSGZEKV

CATGGAGGAGAATCCTAAGGCCATCARGAACGETGATGCTTCCATGTGTATCTTGARGCCCACCAAGCCCATGETTGTGE
M EE NP KA TI KNGDRATSMOCTITELTE KTPTEKT PMYV E

ARACCTTCAAGGAGTATGCTCCTCTTGGACGATTCGCTGTCCGAGACATGAAGCAGACCGTCGCTETCGGCGTCGTCAAG
T F KE Y APTLGT RTFAVTZRDMEKTQOQTVAVGUV V K

ACCGTCACCARGGGAGAATCATCAGGCAAGACCACCARGTCCGCCETCAAGECCGGAGGCARGARATAAGCAGTCTGGAC
T v T K 6 E § § ¢ K T T K 8§ A V K A G G K K =*

TACCGCCCGGTGCGATTTTT%GAGCTCTGGTTATTTAACTTGAATTGATG&GTTTTATTTTTTACAATGACAQ0}1512
4l
- PpEFR3

80
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480
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Pleurobrachia pileus Tlx-like
The arrows represent the specific primers, the homoedomain is underlined.

1
1

61
8

121
28

181
48

241
68

301

361
108

421
128

481
148

541
168

601
188

661

721
781
841
901
961
1021
1081
1141
1201
1261

1321

PpTlx F1

: - > . . . .
CTACTTTAAACAAATTAATTTGAGCTAAACGATACACCTCATGGCAAAACGTCTCAAGTT
M A K R L K L

AAGCTTCTCCATCGACCAARTCCTCGGTTTGTCCCTGGACAAGAGTTCTGGAGAGGCGAG
s F s I DO I L GL S L DK S S G E A R

GAATCACCATGGTGACGCGGCTAGCCAGGTGATGGCAATGATCAGCAGCGCCGGAGCGRE
N H H G D A A § Q v .M A M I S S A G A G

ATCTCTGGGTGGTACTGAGGAACATACCGCAGAGTACAGGCTACACTCTAGCCCTGGATC
S L G G T E E H T A E Y R L H S S P G S

TGATGGACTCAATGACTACCACAGCGATGAAGAACTCAAGAACAGGAAACGAAAACGAAC
D G L NDJYTGHTSTDTETETLTZEKTSNT RTEKTERTEKTERT

GAGAACAACTTTCTCGTCAGCACAGGTGTACGAGCTGGAGAAGAAGTTTCAGAGGTCACA
R T T F S S A OV Y E L E K K F O R 8 0Q

PpBarFl o, PpBar 2 >
GTATCTGAGTGCGGTGGACAGGTTGAACCTTGCAGCTGCCCTCTCCATGAGTGATGTCCA
¥y L 8§ A VvV D R L N L, A A A L S M D V O

PpBar R2 PpBar R1

GGTAAAAAGATGGTTTCAAAACCGACGATGCAAAGAGAGACACCGAGCGGAGGCAGAAGA
V K R W F QN R R CEKZETZRUHU RATEGE D

CACATGGTATCCGATCGCCACTCATGCTATACCAGCAATATCTGGGAACGACTGCCGACA
T W Y P I A T H A I P A I S G N D C R H

CGATCCTCCAAACACATCTCCGAAATCTCGTCCAGCTACAACTTTCCAGCGCGGCATGGC
D P P NTS P KSR P ATTVF QO RG M A

CAAGCACCTTGGCATCACCCACTCCCACCGTCCCATCCCAACTCTCTTCTTCGAGTTGAG
K HL G I TH S HUR P I P TUL F F E L R

ATAAAGATAGACCAACCTCTTCACGATGATAGAAGTAGAGACAGT CTGGCGAGAGAGAGS
*
PpTix R1

GAAGAGCGTGAGACACTGAAGTGTGCATGTGTTATTATATGTAGCGACTGGATAACAAGT
ACTATGTGAAAGAGAAAGTGAGAGAGAGAGATGTAGCATGACGACACGTGCAGTTACCGT
GCTCGGACGAGTGTTCCTACATGTTCCTGTGAGAGGCGACCACCAGGGCGTGTGAAAAAA
GGCCCCCTCGCTCTCCCCCT CAGATGTGGGTCTAACCGCACCT CCAGCCACAT CGGAGCC
ATGGTTGTTGGGAGGATTCCTAATTACTGATAATATGTATTGGTTTCCAAAAGACAATTT
ACACGTGATTGTGATGATTACACGTGCCTGCTTGTTGCTTCTGTTACGTGTGTTATTGAG
TCAATGTTTTTTTCTATTCTCCTTAATAAGTATGGATTAAGATATCATGAGCCTCGCTAA
TTGCCTGATCTCTAAACTTTTTTTGATGTTAGGAGACT CTAATGAGAACTTTTAAGCTCA

CATTTGTTCTCTCCTAAGAAGCTACTATATATTCTTTATCTTTTTCGTGTGCTTTTTTGA

CCAGTTTACGTTTTTTTTCTGATTTTTTTTGT CAAACAACCCACTATATGACACAAGTGT

CTTGTACAGATTAATGACTTTAATTAATGATCTGA

(20}

120
27

180

240
67

300
87

360
107

420
127

480
147

540
167

600
187

660
207

720

780
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900
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1080
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Pleurobrachia pileus Tbx2/3
The arrows represent the specific primers, the T-box domain is underlined

101
26

201
&0

301
93

401
126

501
180

601

701
226

801
260

401
293

1001
326

1101
360

1201
3983

1301
426

1401
460

1501
493

1601
526

1701
560

1801
1801
2001
2101
2201
2301

2401

2501

PpTbx F5

TCTCCACACCAARAGTT CARCAAAT ATGECTGARAGT CET CTCATGTCCT COCGAGCCCETGETTTTGCCETTAACT COCT CETAGGACCTGATCACAGE
M A E 58 R L M 58 58 R A R G F A V N 5 L V G A D H 5

COTGEOGEAGECEETEEAGEAATAGCTTCATATGACGAACCTTTGATARAGARCCAATACAACCCTGACTAT CAGACAAT CARRACTGAGGCTTATGGAT
P &G G 6 G &6 G I A 5 ¥ D E PL I KENEUYWNPUDY Q TTI K TEAY G 8

CRCCAGGCRéﬁCAGTTCﬁmﬁmC%RCOGAGACCﬁmCCCC}‘lCCCCmcméccﬂmcmeGT@éGmeﬂéﬂGm
P6TOQFTDAGSTDTGRDGQATPTP®P®PGPTLENTETESTETVTITLETLE K

Thx R3

GARGEACCT CTGECACECTTTCTCTARACATGECACCEARATCAT CATCACARAACCTCCARGECEACTATTCCCAGCCCTARARTGCARAGTATCGGEA
K D L ¥ 0 A F CKGEHGGTEMUV I T KAGRERTLTFPALTETS CEKUYVS G

CTAGATCCAAATGCARAATACGCTTTTCT AGTGEACKTTET TCCAGCCEATCACTECAGETACAAGTT CAGTAATTGTGAGTGEGTTGTAGCCGECARAG
L D P N A K ¥ A F L Vv D I Vv P A D D ¢ E ¥ K F S N C E W V V o G K I

CGGACCOGG}‘KACCCCOGMéCGMTGTAC&;TTCRCCcmTCACCméﬁC'['GGCGCCéﬂchGATG}U‘leTRGTéﬂGcTTCCBTmCTm']L
D P E P P KR MY V HPES@PNTGRATEHU®YWMEKTEKTIVSFHEKTLEKTH

PpIbXFL
GACGAACAACETCTCEEACACCEETCETTATECEATCCTARATTCARTGCATCEET ACCAGCCCCETETACACATCATCCACTETCATGATGTCTACAAR
T N NV SDOT GG Y A I L MNGSMEHAERTYOPRUYVHIUYVOGCDDYV Y K

PpThx F2 > - PpIbx R2 < PpTbx R1

B g - - T - 5 . .
ATCCCGTGGTGTGCTTT COGAACCATGAT CTTCCCAGAAACAGAGTTTTATGCCGT TACAGCCTACCAGAGT GAAAAAAT AACCCAAT TAARGAT CGAAC
I p W C A F R T M I F P E T E F ¥ A V T A ¥ © 5 E K I T O L K I E H

ACMCCCCI"i'CGCGmGG’i‘TTCUGRGAIGéCOGGGACTG(:.‘CRCCCMGCAGCAGBGGAGéGACACGBGTIchGATGTT:;MTCﬂTGTGATMTﬁGCTCf
F R EPGTA ATO QA AR AETETREHESEKSDVHNEHTYVTITIAL

GEARCACTACEETECACCCCCCTTCATTECAGCTGEEEENT CTAT COARCATACCCAGECACCCECCEGARAATCAAGCTGCAAATATCAACAGAGTCAG
E HY GAPGPFTIATATG G GSTIOQTBHTGORATPA AGEST ST SCcEKTYOoQa§so

TTTGACATGAATT CTCCAGTCOACAACEETATT CCCCTTCACATCECTCCCTATCCAGAGEACCTCCCTACCOCACAGECEACCAGTTCOGCAGTACCEC
F DM NS PV Q NGV P L HTIAUPY P EDLUPTUP QAT S 8 A V P L

PpThx F3 -
TTCCCATGTTATTGGGATCAAGTACCAGCCCCAGCCAACT CAGCAAGGCATGCTATGACATTGACACCTACCCTTACTCGGCAACCGUCTGGAGCGATGS
P ML LGS S5 TS P S QL 8 KACYDIDTUYPY S ATAMWSD G

GCTAGCTARCECT CAGATACCATACAGCECTECTCTGECACATTT TCCT CCCECTECTCEACAGACTCTTCEATAT CETEECTCACCTCTGAACGCTECE
L ANAOGTIGPYSAGATLA ADTFTPTPARALRTETSTVG?YZ RGS TP BILNGA AR

ACGECCATCGATT ACCCCGAEEATT TCAGGETCACCAACTTCTAT AACT COAGTTACATACCTCTGAT GTAT GETCATGCTCCT GGEEATACTEETGOET

T A I D ¥ P 6 D L R V TWHNF Y NS 8 Y I P L M Y G HAUPGUDT G A W

GGAGTTATCCAGGTATCCAGGCT CTTGAACGEGEAT CTGCTACCCCT COCGCGET CTCAGAATCAACCARA CCTCTGAT ACCCCTCGCAGACCACTCCAA
s Yype 111 QALTETRTSGT SA ATT PT®PAVSTET STTE KT PTLTITPTLATDTEHSN

TCCTEETACTCCTECT CCCETACTGAATA CTCCCACCCCACCTCCTETTCTCT CTACCCCEARCTCTCECCT AT CCEAGCTAT TCCTGCTT CTGATACT
PGS PAPVVNTTPETTPE®PPVVSSTTP PNSGTELTIGA ATLTPA ATEST DS

PpThxF4 o
GACTTTAGTGCCGTGAATAACTGTCTCTACAGCAAGGARCACCCCOGAT CTCGETT CTCARACCETGETGAT CACCCTTATTGGGGCCTGGCAACCGOCA
oD F 8 AV N N ¢ L ¥ S K EHPUE RS RVF 8 N R GDHUPUY WGUL A T A N

ACCATTAARCCAGTTGCCATGETTACATGTGTAGTAGCAT CAGT TACCATGETTACAAT CAGTTACAT TGET GACCACACCATGCTAGACACACACTTCAT
Ho < PpTox KA

MGGGCM'i'AACATACFr'i‘AGAAchATiTAGTOGAﬂéAATTAﬂACJ‘LAT TMTGCAéCGTTTTGmGmTRT'I'I"]"CATTTACTT};CACCCGCGﬁ'i
AﬂTTCCﬁCﬁmGC‘I‘GAC‘i‘mTGﬁGTGT"GATGTGTﬁT'i‘ TG‘I'CCAATGJI;AT GTAT'I"I“I'}.\GAAGCAATTﬁTTAchCAG’lZGATAGAACG'II'rAGAATTAC'f
TTTTGTGACG‘CCTAC'I"I'I'I"I"GTACCCACT};TM‘ITATCCC}CMT TA'I"I‘AﬁMTAGAGTéCACTAT‘I‘TGJI;ACAACAGCCJ.\ATTCCCACCAGATGATTAG'&
TCAATTA CE‘CTTACAGTRTA CATTGACAci'AT TTTA: CAGI:VI'GAGATAT TéﬂTﬂCGmC'fGGGATGm’I"MTﬂTTTGA CTM TACI'CT(:;T 'ATTA' TﬂTT'i'
GTGAATTAATATACTCAGET CACACAATACACATGATET CTTCTGATETTTT TTCARACCACT AGCAGTAGCART TGATCTTTCTGATCGATARTATATAR
RTAGTATGR&'GAT CAT GATéATGMG OGA'i‘GGA'I"I‘MTM‘i CGTAATAR TJIKGT GTGC.ETA']"TT'I'M‘IT GAGT GTGT. RTGC']"GATAGTGRT}IKT GAGA: CMG'f

TTGAGARGTATT TAACCCGATTACCT GETTCTAATTTATTTATTTCTACCATCATAGARARGCGETTTTCACACATTAATTTACCCGATCTAATARAGTGT

AGCTTTCTATAATTTTATCAGCA ,,, 2523

100
25

200
58

300
92

400
125

500
159

€00
192

700
225

800
259

200
292

1000
325

1100
359

1200
392

1300
425

1400
459

1500
492

1600
525

1700
55%

1800
560

1800
2000
2100
2200
2300
2400

2500

87
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Trichoplax adhaerens Actin
The arrows represent the specific primers

1

81
1

161
11

241
38

321
64

401
91

481
118

561
144

641
171

721
198

801
224

881
251

961
278

1041
304

1121
331

1201
358

1281

GOTCCACTTTTCGETCGACGTTGCAACTCGAAGGTACCGTGCGAAACT TCCACTTGACCGTTACAAGGATTTTTTCCTCTT

GGCATTTCTGATTTTTTTTTTTCTCTCCATAAAACCTAATTTCAATTCACCATGTCAGAAGAAGATGTTCAAGCTTTGGT
M 8 E E D V Q A L V

TAct F1

AATCGACAATGGCTCCGGTATGTGTAAAGCCGGATTTGC'i‘GGCGATGATGCTCCTCGTGCTGTTTTCCCTTCAATCGTC(.E
I D N G §8 GMCKAGV FAGUDUDA AUP R AWV F P S I V G

GCCGACCTCGCCATCAAGGTATCATGGTTGGAATGGGTCARAAAGACTCGTATGTTGETGACGAAGCACAAAGTAAGAGA
R P R H @Q G I MV G M G @ K D S Y V G D EA A Q S K R
< TAct R2

GGTATCCTTACCTTGAAATATCCTATCGAGCACGGAATTGTCACTAACTGGGATGATATGGARAAGATCTGGCATCACAC
¢ I L T L K ¥ P I E H G I VvV T N W D D M E K I W H H T

TTTTTACAACGAATTGCGTGTAGCTCCAGAAGAACATCCCGTCTTACTAACTGAAGCTCCCATGAATCCCAAAGCTAACC
F Y NETLTRTVA ATPTETETEHTPVTLTLTTETBATPMNTPTKAN R

GTGAAAAAATGACTCAAATCATGTTCGARACATTCAACACCCCAGCTATGTATGTCAACATCCAAGCTGTACTATCCTTG
E K M T Q I M F ETF N T P A MTYV NTIOQA ATUVTELSL

TATGCTTCTGETCGTACTACTGETATCGTTCTCEATTCTGGCGATGETGTAAGCCATACCGTTCCAATCTACGAAGGTTA
Y A S GRTTOGTIVTILDTSSGDTGTYVSHTJTVT P PTIZYESGY

CGCTTTGCCTCATGCTATGATGCGTTTGEACTTGECTGECCGTGACT TAACTGACTACATGATGAAAATCTTGACTGAAC
AL P HAMM®RILDTILATCGT RTDTLTDTYMMEKTTLTTER

GTGGCTATACTTTCACTACTACCGCTGAACGTGAAATCGTTCGTGATATCAAGGARAAATTAGCCTATGTTGCTTTAGAC
G Y TP FTTTATET RTETITYV® RTDTITEKTETKTLA ATYTUVA ATLD

TTTGAGCAAGAAATGCARACCGCTECTTCTAGTTCAAGCCTTGAAAAGAGCTATGAATTACCTGACGETCAAGTCATCAC
F E Q E MO QTATA ATGSTSESE S LETZEKTSZYETLTPDSGT QU VTIT

CATTGGTAATGAACGATTCCGCTGCCCAGAAGCTCTCTTCCAACCCGCTTTCTTAGETATGCAATCCGCTGETATCCACG
I ¢ N ERPFRTCTPEATLTFOQTPALTFTLTGMETS SR AT GTIHE

AAACTACCTACAACTCTGTAATGAAATGCGACGTCGATATTCGAAAAGACT TATACAGTAATATTGTCTTGTCTGGCGGT
T T Y NS VMEKTCDGTVDTITRTIEKTDTELTYSNTIUVTLSGE G

ACTACTATGTTCCCTGGTATTGCTGACCGTAL GCARAAGGARATTGT TAGCTTGGCACCTCCAACTATGAAAATTAAGAT
T T M F P GTIADTPRMMGOTZEKTETITVTSTLATPT PTMZE KTIKI

TAct R2

CGTTGCTCCACCAGARAGGAAATACTCTGTCTGGATCGGAGEATCTATTTTGECTAGTTTATCCACCTTCCAACAGATGT
VAPDPET RTEKTYTSVWTIGOG S STIILATSESTELTSTTFOQS OMH

GGATCTCCAAACAAGAATACGATGAATCTGECCCCGCTATCATTCACCGTARATGCTTCTAAGTTCGTCTTAAGTTTAAT
1 $ K QE YDEGSTGT PATIVTHTERTZETC CF *

TTATACAATATCCAAAATCGAATAACTATAGCAATATCAAAAATCTGATAATAAAACTGATTTAAATCCAGA

80

160
10

240
37

320
63

400
20

480
117

560
143

640
170

720
197

800
223

8BO
250

960
277

1040
303

1120
330

1200
357

1280
376

1352

88
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Trichoplax adhaerens Brachyury

The arrows represent the specific primers, the T-box domain is underlined

1
1
101

20

201
54

301
a7

401
120

501
154

601
187

701
220

801
254

401
287

1001
320

1101
354

1201
387

1301
420

1401
454

1501
487

1601
520

1701

TBra FS -
ACCACACAGCGCTTGATAAGT CTTAACCAGTCGTTGCTTGT GAAT GT CARAT CARATAATGAAAT CAACTTCGTCCTTTTCTGTCACTAATTTATTGTCG
S N g I M K &8 T 8§ 8 F &8 VvV T HNULUL &

GCTAGCGAAAATGATCTCACT ARTCAATCETCTGATGATCARRAACAACCTARTTTGATGCCGARTCATACTCACACCAATGGACCAACAACARTGGCGA
A 8 E N DV &8 N Q 5 & DD E K Q P-NILMAUMNBHHSHTWMNG ARTTMAT

CAGCTGCTGéAGTTGCTGCAGTTGCTGCAéCTGCAAATGéGARTGGTGG&AGTAATCATéCTChTCATGfTAACGCTACAAACACAAGC&ATAAAAAGG&
A A AV A AV AAAANATDNGEGSUNHTERTEETVYINATIHNTSHEKEKG

- TBra R5
- . . - . - . + . - .
TECTGCTACT TCCACCAC ACCAGCAT CCAATAA T CGTAAT CARAATAT CGATT COGATGCTAAT GTTAAAGT CAATTTGTTAGATAT CGATTTATGGARA
A A T S T T P A § N N R N QN I D S D ANV KV HNILILDTITUDL W K
TBra F7 »

. T —» . . . . . . .
CGATTTCGARRATTARCCARCGRAAATGAT CETGACCARAT CGGGCAGACGAATGTTTCCTATACT CARAGT TCARATARGTGETCTCGATCCCCATGCAR
E F R K L T N E M I WV T K & G R R M F P I L K WV @ I 8§ G L D P H A M

TBra R3

TGTATTCAT*CTTGTTRGAéTTTCTAGCCéCTGATARTCATOGTTGGAAATATGTTAAL;ﬁLhﬁATCuA;LLLihulhu;RAGCOGGAAéCTGCACCRCé
Y S F L L D F V A A DN HGERW K Y V NGEW I P GG KZPETFPSATDTE

TBra F1 _ TBmF2

RAGTTTCGT*TACATCCAT&CAGATTCACéTAATTTTGCATOGCATTGGATGAAACRAC&AGTTTCATTfTCGAAAGTAARRTTAACCAATAAATCAAR&
S F vV Y I H P DS P NFASHTUSMEKTEOTPV SF S KYVEKTLTHNEKSEHN

< TBra R1 < TBra R2

» . . ) . : .
GGCGGCG&ECAGﬂTTATGCTAAACTCATTGC&TAAATRTGAGCCTLbbLihLACRLLhilhhhbl1bbGTCATCTCCAGATTCCGATAAAACRATTACTG
G 6 6 o I M L N S L H K ¥ E P R L H I V K ¥V & 8§ S P D S D K T I T A

TBra F4 >
CTCATTCTTTCCCTGAARCTCART TTATTGCGETGACAGCCTACCARRACGARGAGATTACCGCCT TAAARATCARGTATAATCOTTTCGCTARAGCGTT
H s p P E T o F I A Vv T B ¥ © N E E I T »n L K I K ¥ N P F B K B F
TBra F3

CTTGEATGCCAAGEAAAGACCTCAGCARARAGAAGCTCAACARAAGAGCCATGAAT TGACAGCACCTGCAT ATCCACCT CACT TTARTGECGETTGATAC
L D A K E R A E Q K E A E E K S H E L R A P A Y P P HF NG G W Y

d

el I'Bra R6
TTACCAAATT CTAATCCAATGTGTCGTACACCT CGAT CCATTCAACCT COGT CATTGCRAAACAGGTGT TCATCCACATCATCGCATGCCTGCOGTAGAGT
L P N 8 N PM CRTUPU RS I QPPSL QTGV HUPHUHURMZPATVE R

GATATTCGCCATATTCTCGCCCTGCAGGCTAT CCT CAACAAT AT CATCAGGCAT CACCCTATGCAGGCGGUCACCTTACTGAT CATGACGCCAATGOGAT
Yy s P Y &8 R P A G Y P Q Q Y H Q A 58 P Y A G GG HUL TODHTUDAWNAM

GTTATTACAAAGTGCAGCAéCTGCTAATG&TGGCACCCCéACRGATCCC&GGGGGCGAT&TCCTCCTRA*CCACCCAL&;LuLLhLCGCéAALluLLiLé
L L QS AAASBANTYGTTPTDTETHWGRSTERTENTSPPMTLTESTPTAL

TBra F6 »
v »

CCAGGGCCAéCTCCTAGTT%ATGGTCGTCéACATCAACCCCRTTRGGAGéAGCGAGAGCéCRATTTRAT*CACATCCATéATTTCCAACéGCAGCTACGé
PGP PP SL WSS TSTPLGAAERGEATSGTFEFNSEHTPSFRATA AA ATV

TGGCCEOTGOAGCAGCTT CTAGTGCTAGCGOGEACATGT TTCTAGCTCCAMTAGT CCTAT CARTGCTAGCOATATT GCACGAT CAGGGATGT ACGGTAAT
A A A A A 8 &§ A 5 ADM P L A P I VL 5 M L A I L HBHD QG C T V M

GCCCATATACAAGATATCAAT GACGAAAGTGETTCOGATEARACCGEACATCTTTATACACAT COACCEECTATECCTGTTCATACTATGECATCTTGEA
P I ¥ K I 8 M T K V VvV P V K P D I F I H I H R L ¢ L F I L W H L &

ATTCCATGGT GCCACARGTTTAATARGTGTARARAATTTTCACTGTAATAT CARCGARAGT ARGCCGAT GAGCARMATACTCCATGCGCATACTTTCTACA
I P W ¢ H K F N K KU KF s L *

- TBra R4
TCCTAT CAARCARGTAGCAALGTACAARCATCTACTATTTTCATTTTTCCTTARATGACCTAAGCTGTAACATTTACTATTTTA 1784

100
1%

200
53

300
86

400
119

500
153

600
las

700
219

800
253

900
2886

1000
318

1100
353

1200
EX:19

1300
419

1400
453

1500
486

1600
518

1700
534

&9
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Trichoplax adhaerens Elongation factor-1-alpha
The arrows represent the specific primers.

1
1
101

11

201
44

301
78

401
111

501
144

601
178

701
211

801
244

201
278

1001
311

1101
344

1201
378

1301
411

1401
444

1501

1601

TEfF2

>

GCTCTTTCTCTTCGTCGTTCAGTTGCAGCGTGATAGCTTGTACAGTAGGCTGACATCAGACARAT CT TACAATGGGTAAGGARRAGATACATATTAACAT
M ¢ K E K I H I N I

TGTCGTCATTGET CATGTCGACTCTGETARAT CTACCAGT ACCEGCCACTTGATCTACARATGTGETCET ATCATARGCGAGCCATTGAARAATTTGAA
vV v I 6 H VD S G K ST ST GG HUL I ¥ K ¢ & GG I D K R ATIEIE K F E

MAGMGCCmG}U\TTGGéTmTTC}I\TTCmTACéCTTGGGT C'I"i'}\G}lCA}\J\CTmcﬂméGCGMCGTGéTATCACGAT'i'GﬁT}\TTGCCé
K E A QELGTZKTGSTFIKTYAa®HWVLDEKTELTEKTEET RTET RTSGTITTIDTIRA AL

TATGGAAATTTGARACTACCAAGCTATTACCTCACCETTAT TGATGCCCCTCETCACAGAGATTTCACCAARRATATCATCACTGATACAT CTCAGGCCEA
W K F ETTTZ KTYTYVTTVTIDATPGEHT RTDTFTTEKTEHNMTITGTS SO QAD

TTGTGCOGTJ’!CI'GATCGTTémCCGGTG'i‘TGGTGMTTéGMGCCGGT};TTTCCMGRACGGTCmc'l"CGTGmCRT(:}CI'TTRTTRG(‘:ﬂ’TTTACI'C'I"i'
¢ AV LIVAASGVYVGETFTEH ASGTISZKEN GEOQTTE RETHA RTLTLA ATFTL

GETETARAGCARATGAT CGTTGGCATT AT ARAATGGACAGCACTGAGCCACCCTATACTGARGCCCETTATAATGAAATCCTAARAGAACT GAGCACTT
GV KoMTIUVETINTEKMDSESTTETPTESYSETS ATRTYHNETIVEKTETVYSTY

ATATCARARAAGTCGGTTATAATCCCAAAT CAGTAGCCTACET TCCCATCT CCGETTGECATGECCATAACATGATAGARGARAGT ACAAACATGAARATG
I K K VvV G ¥Y N P K &8 VvV A Y V P I 8 G W HGUDHN M I E E 5 T N M K W

GTTTMGGG'lI'TGGTCAGTAC.-}MCGTMGGII\AGGCMCGC(I_‘AGTGGTmC'CTTATTTGRIAGCCC‘I'CGA'I"GCTATC'I‘TG&CTCCMG‘GCCTTCAGA&
F KG WSV ERTEKTETGHNASTGE KTTLTFETA ATLTDA ATLITLTP®PEKT RTESD

MGCCATTGéG(.‘I'TACCTT'i‘ACAGGATGTATACMGATT&GAGGTAT]’G&;TACCGTTCC'J‘l‘GTTGGACGTéTCGAAACTG(:}CACTATMCCTGGTATG{;
K P L RL PLQDV Y KIOGGEIGTWV?PVGRUV ETSGTTIIE KU PGMZUVW
TEfF] »
TTGTCACATTTGCCCCAGT CAACGTTACTACTGAAGTTAAAT COGTTGARATGCAT CACGAAT CCTTGACTGARGCTTTTCCCGGTGATAATGTCGGITT
vV T F APV NV TTEV K& V EMHHEESLTEW ATFUPGDHNUWVGF

TAATGTCARAAACGTCT CTGTARAGEATGT COGTCETEECARTCTAGCTGETCATTCTARGAACGAT COTCCAAARGAAGCCARGTETTT CGATGCTCAG
N VvV K N vV &8 VvV KD V REERGWMNVVAGD & K NUIDUP P K E A K C F D & Q

P TEIR1
|

GTTATTGTTTTGAATCATCCTGET CAGATCARCCCTGGCTATGCT COAGTATTGEACTGCCATACTECTCATATTGCATGCARATTCACCGCCTTARAGG
v I vV L HN H P G QQ I N P G Y A P V L D CHTAHTIATZ GCIE KV FTATL K E

AGMGATCG}’KTCGTCGMG'JE'GGTMG'i'TAGMGmCCCCAMTTf-_'GTCAAGA.GTé-GTGATGCT}\éCATTGC'I'ACéCTMCTCCA}-\GTMGCCTA'f
K I DRRSGE KTEKTLETETNTEZKTFVEKSGDATTIA ATTLTZPSEKTEPEMN

GTGCGTTGAAT CTTATTCCGAATATCCT CCAT TGGGTOGT TTCGCCGTCOGTGACATGAAACAAACT GTAGCAGTTGGTGTTAT CAAGARAGT TGAARARL
¢ vV E s Y 8 EY P PLGRVF AV RDMIEKZGQQTUVAUV GGV I KEKWVE K

GTAGAGAAGACTGCTAAACT CACAAAGTCTGCGCAAAAGECTACT AAGEGCARGARATARTCARTCOTEATGOCCCTEATATATTTAGAT TAATARARAG
VEEKSG ECZXVTTZKSA AT GETETTE KT GEEK *

< TEFR2
< B . . . . . . . .
TGTAATACAATAT CGTAGATGATCATGTGTARTTGT TACAATTTTATTATGCTGTACTGCTGT TGCTGGCCTAAGCGTARAT TGACTTAT CTTTCAGTCT

GACRGAGTTATCAATARAAAGGTACTGCGACA 1632

{20)

100
10

200
43

300
77

400
110

500
143

600
177

700
210

800
243

200
277

1000
310

1100
343

1200
377

1300
410

1400
443

1500
462

1600

90
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e

101
2&

201
58

301
83

401
126

501
158

601
183

701
226

801
259

S01
283

1001
326

1101
359

1201
383

1301
426

1401

1501

1601

1701

1801

1801

2001

21401

2201

2301

2401

Trichoplax adhaerens Tbx2/3

The arrows represent the speific primers, the T-box domain is underlined.

TTbx F9 »

T . . . . . . . . .
TTTGACAGTACTCACGTTGAT CAAGTATGCTGCCGTCTTACATACACCGCOGARCT TACARACTTTCCAGTATCACCCATTTGCTGACTGGCGCTARCTC
M L P & ¥ I HR RT Y KL & 85 I THUILULTG A N &

TAACATGAGAGATTTCTOGGTTAATGCTCTATTAGCACAT CCACCATATATTACAGCCCCT CARCCOGCTCOGAGTTCCTTCCCARAT TACGCARATCCA
NN M R D F §8 VN AL L A H PP Y I TAUPIGQ P AP S 5 F P NJY A NP

ACGGCTTCEGECECTTTTCATAACGCCTGCCATATTATAGCAATTATCOART COGT TACAAT CAATATARAGGATACGTGATGCCAT CTTCACAGGCTG
T A S GAFHINATLTPTYTYSNYPTIGTYDNG QYT KGTYUVMEPSSOQAG

GACCATCACCATACTCGATTCCTTTCCOGACGTATT TG CCACCACCACCTTCARCAAT TARTTGCGACGCTARAT CGAAAGGAAACGAAGATATCARAGT
P &8 P Y &8 I P F P T Y L P P P P E T I NOCDAIEKZSE KUGWNETDTIIE KWV

ARCGCTTGAAAACARAGAT TTATGGGACAAGT TTCATARCTTGGGTACTGAAATGGTCATAACGAGATCGGGARGGCGAATGTTTCCAGTAATARAGGTC
T L E N K D L W D K F H N L ¢ T E M VvV I T R & & E R M F P vV I K WV

TTbx FI . TThx F2 <
ARCGTTACCGGACTAGACAGCOGAGA AA G TATATCATGATGATGGATATTGTTCCGGCTGATGACTACAGATACARATTTCATARTTGTGCCTGGACGE
B v T ¢ L D £ B E K ¥ I MM M M D I WV P A D D Y E ¥ K F H N C A W T WV

TThx RA < TThx R2
TTGGAGGAARAGCAGATACAGAAATTGTCCCARGGATGTACATT CACCCAGACTCACCATCTACAGGTTAT CAGTGGATGCAGAARCCGATTTCTTTTCA
G G K A D T E I WV P E M ¥ I H P D & P & T G ¥ @ W M O K P I £ F H

P TThx R1

T & a T . . . . . . .
TAAGATTAAACTAACGARCARTGOGGATGACARAGCATGEATATACTATCCTTAACT COATGCATARATACCARCCGAGGATTCATATTATTCATGCOCARC
E I K L T N NH A D D K H G ¥ T I L N & M H K ¥ © P E T H I I H A N

bx F6
GATTTGTTTCAGTACCCTCATAACACCATGARAACGTTTGTCTTCARAGAAACTGAATTCATTGCAGTAACAGCCTACCARAATGAGAAGATARCCCATT
D L F ¢ ¥ P H N T M K T F VvV F KETEF I A V T A Y 0 N EEKTITHTL

TAARAATCTACAACAACCCCTTCGCCAAGGGTTTCCGAGATT CGGGAACCACAGGT TCTAAAACTTCTGAT CATAACCATACAAGGAAAGATGARGAAGA
K I ¥ N N P F A K G F R D & ¢ T T G & KT & D HNHTERIEKTDE E E

TThx F5
GEGTAGTGATGARGACAACTTAATTGAA T CTAGTACCT GCAR ARG AR RGO T OGO T TG AR R ATGTAT OO TATARAGATGATGCTTGTGACGTTACGACATGT
4 8§ D EDNULTIUES S TC U KE S & L ENWV S Y KEDDAOCDVVTT C

TIbx F4
GOAGRAGTAACTAARGGTGARACARACTCTGCAAGAATARRARTTAGTARAGAATACCARGATGAT CCARARTCTATCARARGOGTCARGAGAGAGCTAG
A EV T K G ETWN & A R I KI & K EY ¢ DUDPEKSETIKS V KURETLV

TAGRAAAGCCGAGTRACCATAGGCACGAAAGAAAGATCACCCGTATTGAAAACGACGTCLATTTAunﬂualnx;HAATT*ALL1ulchCCACTCACGCCT
E K P 8§ N HEHEURIE KTITH RTIUEWNDUVWNILWVDTII KT FTICRERERUHZETERL

TTbx R7

CTTCG TGO TAAATGATG TAGAGAAACTGGAAGGATARTACTATTACTGCCATAGTAAT CCAATAG CACTGTARTGTARGTTARAAATCGAGRARAATTCCG
F VvV vV N D V E K L E G

TACTCARGAAAGTAGTTCARATTTTGGTTACATTAACTAETTCACACTCATATCATTAATATATAGTATAGTAGTGACGTTTTCACTATAGCTTTCARCE
TCCTTATGAAGCGGCCACTGTTARAATTAAGT CACTACTATGTGACTTTCGATCGATAATGTATAATAGARATGT ATAGTAGCATT TAAAGTACAATTTT
CARTCATTCGEAARGATCGCTTCTATCACCTTATACTATTTTCCAGTACARGACGCAGTATCARTCGCOCT TTACACAAGTCTACTTATTTTTAATTTAR

GCAACTTACGCCTARATTAGCTATTGTARTTCATCTTTACAAGT TGCGTTACATGCARTTATT TCGATTATATACATCTTTCATGTTGCTTTACTAGTAR

CGATTGATCTCATAGACGTTTAATATTTTGTGTACTGTTCTCGACCTCATTTCATT TGCTTCGACTGTAATGCARRAACTACGTTCGCAGATTATGACAA

CTAGTAAGGCTCTAT CGGTAATATTTCARTACTG AR ACAGCAGTGATAT CGTAGRAGTGATARARTGARGTTATGARCTATACTTGCTGTCCATCGGTTT

TGCTATACTGTTCTGTTGTATCCTTTATTACAATGECTGCTGCARTTATGTARAACATTCTCTCNACAGTGCTCTTTGCAGTAATGARTGAATCGTATAR

TGTAAGAATTACAARAGTTGAAGGTGTGTAAT TATATGGCACTG TATGTGCTACGTAGATCCTGTTAATTAAACACATTTTCTACATAATGGTACCTGTT
. . , , . < _TTbxRS . .
ATAGAAATTACCGCATGACTTATAATTAATTGTTTTACTTGAAATTARTGACTATGTTGTACCATTATG TTGTGTTAATATGTACAAGCAGAATTATAAT

hTGATATAATACGTRTCTGTACATGTRTGTCTATTTACGGTAAAAATATATATATATGCGTRTATTATGTCTATATGTA&&TT&TGCAGTGTATGCGTAC

TGTATATACACGTATATACTAATAAAACATCATTGAGGCA ... 2440

100
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200
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500
158
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TO0
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800
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425

1400
436
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Trichoplax adhaerens Secpl
Secpl codes for a small, secreted, hyghly charged protein.
The signal peptide and a CXC cysteine motif are underlined, the arrows represent the specific primers.

1
1

61
11

121
31

181
51

241
71

301
91

36l
nt bk

421
il

481

541

601

661

i

TSecl F1 Litiing)

CGATCCCACGGTAACTGTAAGGACTGRAAAAATGAATTTCARATTGGTTGTCATCGCCGCT
LU NEECHE DA D A

CTATTGTTTGTAGCCTGTGTTGCTGCCGCCGACACAGCTAAGARAGCTGAAACCCCTGTC
rop LR IR ol A EREP: A oM NP AN HCRRS SR ot <G < o AR b0 sl =b Y 1

AAACAGGAAGCTAARACTCCAGAAAAGGAGGAACCAGCAGAGAAGGAAGAACAAGAAGAA
(iAot s A b TGRSR it G MCHLEGOHIA NG 4 L LR bR L RS MR N ESH A R tib |t I N L

GAAGAAGAAGAGGAATCTCCAGTTGAAGAACGTGAAGAAGATGACGAGGATGAARACGCA
LR N e e b e A AR

CTTCAAGAAAAAGAAAATGATGATGGTGAAGTAAAGGAAGAAGAATCCTCCGATAAGAGE
S = S R SR s =t e s =

CTCTGGAGCCGCCGTCGCCGTCGTCGTCGCTTCTATATCCGTCGTCGTCGTTATATCCGT
e SER 0 R S e e e St

CGTCGTATCTTTCTCTACAGGCGTCGCTGCACCTGCTATTATAGACGTCGATTCTTATAC
Ry s B T R R ARy ¢ S R R R i

AGACGTAGAGTCTTATTAAGGCGTAGATTCCTCTACAGACGTCGCCGCTTTGGCARGAAG
TS e S TN N e e < o=~ S

Tsecl R1
<4— - : i i i
TARAAAGTTTCACGATAAGGATTTCGRAAAAATTCAACAGCATTCAGTGAAGATGATGCCG

*

TTAAAACTTGATTAATGAGATATTTTTTAGCTGTCTTTGAAACTACCTTGTAGTATTTCA
TTGTTAGARATCAATTTAGGCTAAAAAGGGTAGCACTACTACTTAATTTCAGTTCGATTT
TATATATTGTAAAATCTGTAGATCCCTTTATATGCCTGCAATTTAAGCATCAATAAAGAG

ACATTAGATTTGCATTA ,, 737

60
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120

180
50
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150

540
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Trichoplax adhaerens Not
The arrows represent the specific primers, the homeodomain is underlined.

81

161

241

321

401

481
25

561
52

641
78

721
105

801
132

BB1
158

961
185

1041
212

1121
238

1201

1281

1361

1441

1521

1601

1681

TNot F3

>

GCAGTCCTGTTTT TG TCAGCCTAATCGCTTACCCTTACTCTTCATT T TGCAACTAGGCTGT T TATACCCCATTTCTATCC

TATCTAGACTATTTTCAGCCTATTTCGATTCATCCATTTTACTTCATAGAAGARAATAGCCATTTGATCCTGTTTTGATC

CTGTCTAGATTATTTCCAGCCCATTTCGAGCCAGCCATTTTTGCTTCATTGGAGAAGATAGTCTATTGGCCCTCTTTTGT

TGOTTTCTAGAAGACTGTTTCCAGCC TATTTCGAGCTCACCATTTTGCTCCATTGAAGAAGATAGTCTACTGATCTTATT
TGACTGTGGATTCGCCTTACTCAGAAATTGATTGAATTATCAGAGCTATTTTTCCTTCATCT TGTTTTTGETAGTCGTCA

ARCARACAGCATGCARRATCCAGTTTATGTTTACGGTGGARATCTACCAACAGGACCACCTAGTACTGTTGCAGCTCCTGT
M Q N P VY V Y G GNLPTGUP P S TV A A P V

TCCAATTTATTTGACTGCTCGGCCATGGCAAGCTGCCTATATGAATCCTACATTACCACCAGGGGCAACGCCACCTTTCA
p I ¥ L T A R P WOQAATYMWDNUPTULUPUPGATP P F N

ATTTTAATACCTTAATTCCAACAACGARAAGTGATGACAACAGCAATCCACCGATGCACAATGTTCAACATCCTATGGCT
F N T L I P T T K 5 D D N 8 N P P M H N V Q H P M A

GCTGCTGTTCAAGGTGGCTATAGGCCTGCCAATCCAGTGCCTATCCGATTTTACGATCCTAATATTAATCCATTAGCCGC
A AV Q G G Y R P A NPV P I RVF Y D PN IDNP L A A

TCAAGCCAATCCAATGAATARATCACGTTCTAGCGAGARAGARAGCAAAAGTAACTCTACAGCAATTAGCAGTGGCCATC
O AN DPM®NTZ KSR RS S EKTESTEKTSNSTA ATLIT ST S SGHH

ACCAGCATGTTGAAAAGTTAAGATCATCAGCATCTAATCAACAACATTGGARATCAGGCAAGAATARACGTGTTCGAACT
Q HV E K LR S S A S N Q Q H WK S G KUNKTZ RUVERT

TNot F1

ATCTTTACGCCCGATCAACTGACCAAGT TAGAGAAAGAATTTGATCAACAACAGTATATGETGEGCGCTCAACGTTTATA
I F T P D OLT XKL EZKTETFTDOOOVY MV & A OR L Y

TNC:I F2 > TNot R2

CTTAGCGAATACATTAARACTGAGTGAGGCACAAGTTAAGETATGETTTCARAATCGACGAATTAAATGGCGARAAGATC
L A N T L KL 8 E A OV KV WF ONJRGERTITZKTWEREKTD O

TNot R1
ARATTAAGCGTAGACATACARCAGCAAGTAATGCTAATCATCAGAATACTTCTTTRAACCTCTGTATCTGCTTCTATTGAT
I K R R H T TA S N A N HQQ N T s L T s V &8 A 8§ I D

TNot R3
«

GCTCAATCTACAAGTAGCAATGGCAGTAGTAATCCTCAAAGCAGCAGTCGTAGTAGTACCAGTAGTAATTCATARATGTA
A Q 8§ T 8 8 NG 8 8 N P Q 858 8 8 R 8 8 T 8 8 N s *

AAATATTCTACCACGGTTGATGATGGACATCGTCAATCTATCATTCATTACCATAGAGTAGAAGCCTTGAARAAGCTATC

ATGAATGATATCCTGTGCTTGAAARRTAATATCATCGACTCATACTTTCGTCCTTAAATTGCARAACTTCTAGCGATTCA

AATCTACAGTTGATTCATGTTGTGCGATATTTTACATARATCGAACATGAATATTAGCATTTTGTTGCAGCTAATTCATT
ATGTAATATATTGATATTCTTGAACTCACTGAATTTAATTGAAATATCGTCCATTAAAGTAAGAATATARATTTTGATTA

CAACATTGAGTCACGTCGGTTCCTAATAAATCGTAGGARATGATCATTTTTAATT TAGATCAGTTGCATGGTATTACTAA

GCGARACTTAATTCETGCGTTTTATTATTTGATACTCCGATTTAATGATGTATAAGCATARAAACGCAATATAACTATTT
TNot R4
. . <— -

TATGTGTAGAGCGGCTTTATGCTTACARARACGAGGCAAATARACGCTTCAGACGCACATAGTCCTACGCACCTCA (20)

80

160

240

320

400

480
24

560
51

640
77

720
104

800
131

880
157

960
184

1040
211

1120
237

1200
261

1280

1360

1440

1520

1600

1680

1754
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Trichoplax adhaerens Trox-2

With capital letters are indicated the nucleotides found by S"RACE, with the small
letters the nucleotides already present in the gene bank.

The homeodomain is underlined, the residues of the engrailed-like domain are bold and
the arrows represent the specific primers.

81

161

241
15

321
42

401
68

481
95

561
122

641
148

721
175

801
202

881

961

1041

1121

1201

Trox F2
ACATTCCATCATTCATCGCCTGAGT TAACARCATTGATAGTTAAACTTAATTACTGCTARCATCAATTTAGACTTTARLG

TTTTAACTACTATCCATATCTGT TTARACACTAATCATCATTTTCAATTATTGCCACAATTGATTARTTGATAAATTAGT

TTATGCTAGAATTTTATAACAATATTTAACAGGTGAAACATGGCCAATACATCTTTTARAATTGAAAGTTTAATCGGTCC
M A N T S8 F K I E 8 L I G P

AGGTAATCCAACCAATGCCATCATTARCGGTTGTTCCATGATGGCACCATTTTATCCGCCGTCGAATTATCACTCTTGGC
G N P T N A I I N G C S MM AUPF Y P P 5 N ¥ HS W P

Trox R2
CTCATGATAGCAAccccaattattcatcatgtcaagtectgtatacccaattcaactgtecacttggeccagtactagtaaag
H DS N PNY s s C @V C I PN STV T W P V L V K

Trox F
»

ccatcgeoctatagtcogatcoctgeocatataccatcagecaacaatatecgattggataaccatcatcaccaatcattaccage
P 8§ P I VD PATI Y HQ Q@ Q ¥ RLDNUHUHEUHGQSUL P A

. . . . . . . < .
cttccaaggaatccaaaataccgacactcaacaacatcocagatttageatctgataaaactageatgaaategaccagte
F o 6 I ¢ N T D T Q Q H P D L A & D K T 5 M K 8 T & H

Trox R3

attcttccaéaactaagcgéatacgaacaécttataccaétatgcagttéttagaattaéaaaaggagtécaacagtagé
S s R I K R I R T A ¥ T S5 M O L L FE L E K E F N 5 8

cgatatctatcgegactgaggaggattgagattgoctaatatgttaaatttatecggagaagecaagttaaaatatggttcoca
R ¥ L 8 R L R R I E I A N M L N L S E K O V K I W F Q

Trox R

gaatcgtcgégtaaagtggéaaaaggacaétaagttagaéggacaagatéatgatgaaaécgaaagtaaéggatctccté
N R R V K W K K D N KL D G QD HUDEWNES K G S P D

atcaatatccactatctgatagtgaagaagaattatctaatcgataatatactcaggectaaatttgtgattgacacgat
Q ¥ P L 8 D 8 E EE L 8 N R *

cataataatégttgctgatéatctacttaétctaatacaéttataatatéatccaatatécaaatttag&aaatttttcé
cagaacgatétcttacagcégcaatgaatéacattacaaéaaactttcaétgtaagttaéagcgatgatéaattaaatté
gaatacgagéaagtaccgaéataagtacaéttagtatacéaatgtttctéaataatcgaétatttaaat&cttaaggaté
atatcagccéaaaaaatttécgcatctgaéaataccttcéatcgtcatgéatttgtgaaétaaaaataaéattatagcaé

aaaatagtattctattcaatccataagtcttgttgcttgtatgaaaccataacttaataatcaataaaaaaa 1272

BO

10

240
14

320
41

400
67

480
94

560
121

640
147

720
174
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201
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215

960

1040
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Trichoplax adhaerens Ribosomal protein S25

61
10

121
30

181
50

241
70

301
90

361
110

421

TRp25S FI

>

CTAGTTCGGTGGTTCTGCGAGGAGATCTGTAGTTATGCCTCCAAAANMAGCCGATAAAGAG
M P P K K P I K S

TGAGGATCAAAAGGCCAAAGCTGCGTCTGGTGGTGGAAAAGCCAAAAAGAAGAAATGGTC
E D O K A K A A S GGG KA ATZEKTKTEKZEKW S

AAAAGTTAAAGCTCGCGATAAGCTGAACAACTTGGTATTATTCGACAAGGCTACCTACGA
K V KA RD KLUNUNTLJVTILTPFTDTE KT AT Y D

CAAGCTTTACAAGGAAATTCCTAGTTACAAACTTATTACTCCATCTGTCGTATCAGAAAG
K L Y K E I P S Y K L I T P s VvV VvV S E R

ACTGAAAATACGTATTTCATTGGCTAAGCGTGCCTTGCAGGAATTACAACAGAAAGGACT
L K I R I S L A KR ATLGOQTETLTGOQO O K G L

AATCAAAGTTATAGACAAACACCACGCACAAGTCATTTACACTCGTGCAACTAAGGCATC
I K v I D K HHA Q V I ¥ TR A T K A S

+—

TTAGAAATTATGTTGTATGCGAAACCAATCTTGTATAATTTTTAAGGAATCGATGTTGTA

*

TRp25S R1

GCTaTCGCTAAAGGAACTGAATAAAAAATAGAAGTTCTTATARAGTA 20) 466
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Trichoplax adhaerens Metallothionin

181
30

241
50

301

361

421

481

541

601

661

721

781

TCCGATCCTTCACTGTTGCTGTTCACGTCGTCGGCGTTCCGTTAARATTTCTACCGATCA

ATTTCCATTéCTTTGCGTTACAATTTCTAACTTCAATGGATCCTCCTTGTAATTGTGCTG
M D P P C N C A E

AAACTGGTGACTGCCAATGTCCTTCTAACTGTGCCTGCACCAATTGTARATGCGCACCTA
T G D C Q C P s N C A C T N C K CcC A P N

ACTGCAGACTCTGTGGTGGGAAAACATGCAAATGCGCTGAAAATATCAATAGCTGCGTCT
C R L CGGTZEKTTCGCTZ KT G CA ATEHNTIONSTSLTCGCUVC

GCACAACTTGCATATGTACTGATTGCAAGTGTCCTAAAGéATGCAAGAACTAAAATATTA
T T ¢ 1 ¢ T D C K C¢C P K G C K N *

CACCTGAAGATGTAAATGTACAACTTTTTCTGGATTTGATTAGTTATTCTCGATGTTGTT
GATGTTTATCTGAAAATTTCTTTAACTTTGTTGTAGATGATAGTTCATGTTGTGAACCGT
ATTAATTAATGGTCCGGTTAATTTCTAGTGGt AAAAATCAAAACTTTCAATATACCTTTA
TTGATTAGCATGCACAATGCTGTTTGCTATCTGCTTGTAGTGATGTTTGTCTATCGGTCG
ATAGTGTTCATTACAATAATAACTTGAGTCAGt TCTCAATATATGCGCGTGTCGATCAAT
CaCTTAAGTAACCAGTTAAGGATAGTAGAATGTAATARAACCTAARATCTACCCGTATTT
TATGCCTTCGTGCCTATCAGCTAACTAGTATCGTACGTAGCAAAGTAACGTTATAAAGTG
AATTAGAGTTATGGCTTGTCCTTCAATCAAATGTARATCTGATTTCTGGTTTCATTGTAT

GAGTTCAGAATAAATTCTTGCAATAAATTAATGA 813

[§=1:31
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