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Abstract

In animal development, how an animal builds its body has been a
fundamental and central question. Spanning different fields, we have a good
understanding of how animals build their body axes (anterior-posterior, dorsal-
ventral) and this understanding is now a routine concept when learning about
animal development. There are a number of mysteries left when considering
early development, and the establishment of left-right (LR) asymmetry remains
one of them. One key problem is how initial symmetry is broken early in animal
development and how this translates into molecular asymmetry. Our lack of
understanding is based on the difficulty of adapting available techniques to non-
model species. This thesis uses an alternative approach to the current LR
asymmetry models, and reveals that by adapting techniques to non-model
organisms and by using newly available technologies, there is still much to be

learned and discovered in embryology.
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Chapter 1

General Introduction

Bilateral symmetry in the Bilateria

Most living animals have a bilaterally symmetric body plan. Bilateral
symmetry is achieved when an animal has two body axes, anterior-posterior
(AP) and dorsal-ventral (DV), that result in mirror images on either side of the
medio-lateral line. Animals with this characteristic have been classically put into
a large grouping called the Bilateria (Figure 1.1), which consists of three major
Superphyla: Ecdysozoa (insects and allies), Lophotrochozoa (molluscs,
annelids, and allies), and Deuterostomia (humans, sea squirts, and allies)
(Dunn et al., 2008; Pick et al., 2010). These bilaterian animals contrast with the
Diploblastica (formerly the Radiata), a paraphyletic grouping, which consists of
animals with radial symmetry such as the cnidarians and the ctenophores. Of
course, there are caveats to this; for example, evidence has emerged that one
cnidarian species could exhibit molecular bilaterality (Matus et al., 20064,
2006b). 1t is widely accepted that bilaterality evolved once in the animal
kingdom, and that the last common ancestor of the Bilateria was bilaterally
symmetric. However, what is often overlooked is that in most animals, bilateral
symmetry is not truly bilaterally symmetric. Such differences can be subtle, such
as the coiling of internal organs in the human and the fly, or readily apparent,
such as the directional coiling of snail shells (Palmer, 2004). These

morphological asymmetries are termed left-right (LR) asymmetry.
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Chordata
Cephalochordata)

Ambulacraria (Hemichordata,

Echinodermata)

Xenoturbella

Chaetognatha

Panarthropoda
Onycophora, Tardigrada)
Nematoida
Nematomorpha)
Scalidophora (Loricifera,
Kinorhyncha, Priapulida)

Trochozoa Annelida,
Nemertea, Phoronida and
Brachiopoda)

Platyhelminthes

Bryozoa

Entoprocta and Cycliphora
Gastrotricha

Gnathifera (Rotifera, Micrognathozoa,
Gnathostomulida)

Acoelomorpha

Cnidaria
Ctenophora
Placozoa
Porifera

Figure 1.1 Phylogenetic relationships within the animal kingdom. Red boxes
indicate animals that have been used in mechanistic LR asymmetry studies so
far. In bold are names of large groupings. Tree adapted from (Dunn et al., 2014)
and Jordi Paps (personal communication).

Caveats for the LR axis and LR asymmetry

It can be said that there is a third, LR, axis that is established during

development. However, caution should be noted in this case, as the LR axis is

conceptually different in comparison to the AP and DV axes. Rather than an

axis that spans the left and right sides (as the AP and DV axes span their

respective given names), the LR axis is not a continuous axis. There is one axis
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on either side of the midline (Palmer, 2004). This is significant when considering
developmental mechanisms of how LR asymmetry is established, as there are
two relatively autonomous axes being considered that would in effect require
two patterning mechanisms. However, for the purpose of this thesis, we will
refer to the LR axis in its singular form, while keeping in mind that there is this

underlying duality.

LR asymmetry itself can be the result of both random and non-random
events, and has been subdivided into three categories: fluctuating asymmetry,
anti-symmetry, and directional asymmetry. LR asymmetry can be the result of
developmental noise, which would imply that small differences of growth or
patterning during development result in asymmetry that is not heritable (termed
fluctuating asymmetry). Asymmetry among individuals in a population can also
be completely stochastic (termed anti-symmetry). What we will be considering
in this thesis is when asymmetries are non-random (termed directional
symmetry). This is defined as asymmetries that are directionally fixed in a
population (Palmer, 2004), and as such are heritable. A lingering question is:
how is directional asymmetry introduced and communicated during
development, and how does this happen despite initial symmetry of the AP and

DV axes?

Three steps to LR asymmetry

Before moving further, it is important to understand how LR asymmetry
establishment is viewed. The aforementioned morphological asymmetries are

really the endpoint of a developmental process to establish LR asymmetry. This
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process consists of three steps: symmetry breaking, asymmetric gene
expression, and morphological asymmetry (Figure 1.2). In short, symmetry is
generally first broken at the embryonic stage, and this asymmetry is read into a
molecular mechanism (as seen by asymmetric gene expression), which then
cascades and produces adult morphological asymmetry. In order to understand
how morphological asymmetries are generated, the mechanisms underlying
symmetry breaking and asymmetric gene expression must be studied. As the
realm of gene expression has been the best studied so far, | will begin with
asymmetric gene expression and later move to the underlying mechanisms of

symmetry breaking.

Symmetry Asymmetric Morphological

breaking gene expression asymmetry

Figure 1.2 Three-step process to establish LR asymmetry.

Asymmetric gene expression: Nodal

In 1990, Brown and Wolpert identified the key problem in considering LR
asymmetry (Brown and Wolpert, 1990): the search for the chiral molecule. In
their model, in order to generate differences between the left and right sides, an
inherently chiral molecule would need to be oriented along the AP and DV axes,
generating, by its chirality, LR asymmetry. This model catalyzed a renewed
interest in LR asymmetry, and in 1993 the gene Nodal was discovered as a
molecular marker for asymmetry in vertebrates (Zhou et al., 1993). Nodal has

since been found to have left-sided expression in all vertebrates studied so far.
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Nodal is a transforming growth factor beta (TGF-beta) ligand that participates in
mesendoderm induction, and is later expressed on the left side of the node (a
midline structure found in most vertebrates). This left-sided expression induces
left-sided expression of the homeobox transcription factor pitx2, and results in
left-sided adult morphological asymmetry. With an exploitable molecular
mechanism, interest in LR asymmetry was refuelled, and Nodal signalling and
sided Nodal expression were revealed to be conserved in both vertebrate and
invertebrate deuterostomes as a key participant in establishing LR asymmetry
(Beck et al., 2002; Boorman and Shimeld, 2002; Duboc et al., 2005; Levin et al.,
1995; Yu et al., 2002), where mouse and chicken have one copy of Nodal,
Xenopus has five paralogs (Xnrl, 2, 4, 5, 6), zebrafish has three paralogs
(cyclops, squint, and southpaw), and at least one copy of Nodal is found in

invertebrate deuterostomes such as sea urchins and sea squirts.

It quickly became apparent that there were differences in the role of
Nodal in establishing LR asymmetry. One difference lay in the sidedness of
Nodal expression, where it is right-sided in echinoderms and left-sided in
chordates. This can likely be attributed to the DV inversion event (for further
discussion, see Gerhart, 2000). Another key difference is that the Ecdysozoa
are lacking Nodal altogether (Blum et al., 2014 and references therein), and
with Nodal signalling markedly missing in the Ecdysozoa, it was possible that
sided Nodal signalling was confined to the deuterostomes, and that this

mechanism was not conserved across the bilaterian Superphyla.
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Mechanisms of symmetry breaking

As an increasing amount of evidence accumulated supporting the
conserved role of Nodal in LR asymmetry establishment, the search expanded
to the mechanism by which this asymmetric expression was achieved. This
produced two models primarily studied in vertebrates: the cilial flow model and
the ion channel model, and their ramifications and problems will be discussed
below. Two other models, chromatid segregation and planar cell polarity (PCP),
will not be considered here as the evidence supporting these models is not as

strong (if interested, see Vandenberg and Levin, 2012, 2013).

Cilial flow model

Once Nodal and other molecular markers of asymmetry were discovered,
there was a push to understand how this molecular asymmetry was established.
One such model emerged that centered around cilia (Figure 1.3). This model
proposes that molecular components are asymmetrically expressed because of
the asymmetric beating of cilia, which transports certain molecules to one side
of the embryo by generating a LR directional flow at the node (reviewed in

Capdevila et al., 2000; Nonaka et al., 1998; Tabin, 2006).
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d Node (ventral view, cross-section)

Nodal flow
R ' L

b Node (ventral view)

A

Nodal flow '
R q L
P

Figure 1.3 Nodal flow hypothesis. (A) Leftward flow is generated across the
node by cilia, which rotate clockwise and generate a stronger flow towards the
left side (red arrow) rather than the right side (pink, dotted arrow) due to the
posterior tilt of the cilia, (B) the cilia-filled node has a general leftward flow due
to the above mechanism (adapted from Nakamura and Hamada, 2012).
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However, it has emerged that despite the conservation of Nodal and pitx
expression in deuterostomes, the conservation of the cilial flow model is
contentious and requires further investigation (discussed in Hirokawa et al.,
2006; Nakamura and Hamada, 2012; Namigai et al., 2014; see Appendix 1).
For example, this model does not necessarily apply to other deuterostomes.
Rather, the cilia-driven nodal flow has been suggested to be a mammal-specific,
or even a mouse and rabbit —specific, innovation (Raya and Izpisua Belmonte,
2006). In frog, fish, and chicken, there is asymmetric gene expression prior to
the formation of nodal cilia, implying that cilia may be an amplification step of an
already established asymmetric signal (Capdevila et al., 2000; Hamada et al.,
2002; Levin, 2005; Raya and Izpistua Belmonte, 2006; Tabin and Vogan, 2003).
Chicken does not have nodal cilia, establishing LR asymmetry through cell
migration and changing the shape of the node itself (Cui et al., 2009; Gros et al.,
2009), and pig also does not have nodal cilia (Gros et al., 2009). In addition,
recent findings have revealed that there is no evidence of a motile function for
cilia in the sea squirt Ciona intestinalis. Rather than a motile function, the cilia
likely play a sensory role in the sea squirts, although this has recently been
subject to debate (Nishide et al., 2012; Thompson et al., 2012). Such findings
point to a re-evaluation of the cilial flow hypothesis to further consider two cilial
flow models with two types of primary cilia, motile and sensory (Tabin and
Vogan, 2003), in driving asymmetry, and to also consider mechanisms that do

not involve cilia at the first instance, such as cell movement.
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lon channel model

The ion channel model comes from a different angle (Figure 1.4). Levin
and colleagues considered the electrical potential of membranes, and proposed
that differential charge across the early cleavage stage membrane generates
asymmetry (symmetry breaking). This could be generated by H'/K*ATPase ion
pumps which differentially transport charged molecules through gap junctions
(Levin and Nascone, 1997). H'/K* ATPase alpha has been found to be
asymmetrically expressed as early as the four-cell stage in Xenopus laevis
(Levin et al., 2002), and serotonin has been proposed as the charged molecule

(Fukumoto et al., 2005).

o)

charged O
O molecules

O O

Figure 1.4 lon channel hypothesis. Note: this takes place at the 4-cell stage in
X. laevis, but is drawn as a 2-cell embryo for clarity (adapted from Levin et al.,
2002).



21

There are problems with this model. The proposed charged molecule,
serotonin, has recently been contested (Beyer et al., 2012), with doubts
expressed as to whether serotonin is really asymmetrically distributed in the
early X. laevis embryo. Early asymmetric expression of ion channels has not
been seen in other organisms, although a role for these ion channels in
asymmetry is suggested in sea urchins and sea squirts (Duboc et al., 2005;
Shimeld and Levin, 2006). It remains possible that ion channels play a central
role in the establishment of the LR axis, however it is clear that this model
needs further testing before conjectures are made as to its conservation as a
LR asymmetry establishing mechanism (for further discussion of this, see Levin
and Palmer, 2007; Nakamura and Hamada, 2012; Vandenberg and Levin,

2010).

Nodal and symmetry breaking mechanisms

The cilial flow and ion channel models considered above have been
tested in deuterostomes. Asymmetric gene expression follows these symmetry
breaking mechanisms, and | would like to reprise that Nodal signalling is highly
conserved in this group of animals: there is a great deal of evidence that left-
sided Nodal expression is conserved in all vertebrates studied so far, and right-
sided Nodal expression is conserved in all non-chordate deuterostomes studied
so far. When considering how symmetry breaking mechanisms evolved in
bilaterians, animals outside of the deuterostomes need to be considered, where

Nodal is not necessarily conserved in LR asymmetry establishment.
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Species without Nodal

As briefly mentioned, the Ecdysozoa lack Nodal and other components
of the Nodal signalling pathway, and it has been widely thought that it has been
lost, although this needs to be confirmed with studies of more lineages within
the Ecdysozoa such as priapulids and tardigrades (see Namigai et al., 2014;
Appendix 1). So how do these animals establish asymmetry? Evidence has
emerged primarily from Caenorhabditis elegans and Drosophila melanogaster,

and points to a mechanism based on the cytoskeleton.

In C. elegans, early cell divisions are already asymmetric (Figure 1.5),
and LR asymmetry can be reversed by manipulating the direction of early
cleavage (Wood, 1991). This cytoskeletal mechanism is thought to be actin and
spindle-based, where the inherent polarity of actin flaments at the egg cortex
generates cortical asymmetry that is then read into a molecular mechanism
together with differential spindle elongation (Pohl and Bao, 2010; Pohl, 2011;
Schonegg et al., 2014). In addition to a cytoskeletal mechanism, a molecular
mechanism has also been clarified in C. elegans, where spindle orientation at
the third cleavage is regulated by a G protein which aligns spindles and is
necessary for LR asymmetry establishment (Bergmann et al., 2003). Correct
spindle localization is also dependent on PAR proteins, which are
asymmetrically distributed in the embryo via actin and myosin activity (Munro et

al., 2004; reviewed in Nance and Zallen, 2011).
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Figure 1.5 Spindle skewing during C. elegans LR asymmetry establishment. (A)
6-cell stage prior to spindle skew, (B) spindle skew of ABa and ABp
blastomeres (adapted from Pohl and Bao, 2010).

In D. melanogaster, a slightly different cytoskeletal mechanism seems to
be at work, where mutants of the type ID unconventional Myosin (MyoID) have
defaults in asymmetry (Hozumi et al., 2006; Spéder et al., 2006). MyolID is a
molecular motor that moves on actin filaments and is thought to interact with
adherens junctions through cadherins and beta-catenin (Petzoldt et al., 2012;
Spéder et al., 2006). Asymmetry is thought to be mediated by the interactions of
the MyolD molecular motors with components such as the atypical cadherin
Dachsous (Gonzéalez-Morales et al., 2015), generating transcriptional
asymmetry, and polarized cell orientation and asymmetric rotation (Figure 1.6).
The Hox gene Abdominal-B functions upstream of this process to regulate

MyolID (Coutelis et al., 2013).
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a Larval genital disc

b Pupal terminalia
rotation (posterior view)

terminalia

precursors

C Pupal oriented cell polarity
of terminalia (side view)

Figure 1.6 LR asymmetry establishment in D. melanogaster. (A) Larval genital
disc (flat) with MyolD expressed in anterior (A8 a, light pink) and posterior (A8 p,
red) segments that later serve as LR organizers, future terminalia (gray), arrows
indicate direction of disc eversion during pupation, (B) following disk eversion at
pupation A8 segments (light pink, red) fuse dorsally (location of dorsal = MyolD
labels in diagram) and undergo terminalia rotation (terminalia precursors in
gray, view from posterior), (C) as a result of terminalia rotation pupal terminalia
develop with oriented cell polarity (cell polarity represented in red, side view)
(adapted from Géminard et al., 2014; Gonzalez-Morales et al., 2015).
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It is important to consider that the two systems that are well-studied in
the Ecdysozoa, C. elegans and D. melanogaster, differ significantly in early
development. C. elegans undergoes holoblastic cleavage that is asymmetric
from the second cleavage onwards, whereas D. melanogaster undergoes
syncytial development where nuclei multiply in the embryo without cell
membrane divisions. This highlights the danger of building hypotheses on these
two organisms. We need to be aware that despite being in the same
Superphylum, there can be very distinct modes of early development. Before
making overarching conclusions concerning the conservation or divergence in
the establishment of LR asymmetry, such differences in early development

need to be kept in mind.

A unified model for asymmetry establishment

Taken together, the deuterostomes and the ecdysozoans have distinct
mechanisms, yet a recurring aspect is the presence of polarized cytoskeletal
components that can generate chirality which can then be read into asymmetry
establishment relative to the AP and DV axes (Levin and Palmer, 2007;
Vandenberg and Levin, 2010). This initial similarity may be a conserved aspect
of LR asymmetry establishment, and indeed other cytoskeletal components are
also polarized, such as microtubules that are known to differentially transport
MRNA in D. melanogaster (Roth and Lynch, 2009), and centrosomes that
participate in LR asymmetry establishment in X. laevis (Lobikin et al., 2012).
The chirality of the actin cytoskeleton seen in C. elegans has also been seen in

amphibian eggs (Danilchik et al., 2006), and in zebrafish LR asymmetry of the
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heart is not disrupted in the absence of Nodal, which may be explained by the
fact that its development is actin polymerization-dependent (Noél et al., 2013).
This patchwork of evidence suggests that the cytoskeleton may generate the

first signs of polarity that can then be read into later symmetry breaking events.

In such a model, we begin first with the naive egg, which already has an
animal-vegetal (AV) axis that is roughly correlated with the AP axis (Figure 1.7).
The DV axis is likely established at or soon after fertilization, with a possible
mechanism being upon sperm entry at fertilization. The inherent chirality of the
cytoskeleton now has a two-axis framework upon which it could be read, where
the chirality at the cytoskeletal level can now be interpreted using the two axes
to break bilateral symmetry. This breaking of symmetry can then be
communicated through a plethora of different methods such as ion channel or
MRNA localization, Nodal signalling, and others. To understand whether this
sequence of events is conserved, we need to understand how widespread such
a mechanism is across the Bilateria, especially in organisms that have received

comparatively less attention.

Figure 1.7 Schematic of potential mechanisms of axis establishment in some
animal embryos.
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Enter the Lophotrochozoa: snails and worms

The Lophotrochozoa is an under-studied Superphylum that includes
organisms such as phoronids, bryozoans, rotifers, platyhelminthes, annelids,
and molluscs (Figure 1.1 and Figure 1.9). There are many asymmetries in these
species, such as the sided position of the operculum in some polychaetes, and
most classically the coiling of the mollusc shell. This group of animals is largely
united by a mode of cleavage termed spiral cleavage, where sidedness can
already be seen at the 8-cell stage through the dextral or sinistral orientation of
mitotic spindles (briefly in Figure 1.8, further addressed in Chapter 4). Spiral
cleavage is shared by other lophotrochozoan Phyla and may be ancestral for
the Lophotrochozoa, although this is somewhat contentious (Giribet, 2008;
Hejnol, 2010). Despite the abundance of asymmetries in this Superphylum, we
still know relatively little about how LR asymmetry is established in these

animals, at least until recently.

Nodal signalling in the Lophotrochozoa

The discovery of Nodal in Mollusca (and other lophotrochozoans, see
Kenny, Namigai et al., 2014; Appendix 3) renewed the possibility that Nodal
signalling could be conserved in the Bilateria. In these studies, both Nodal and
its downstream effector pitx were found to be asymmetrically expressed in
molluscs, where sidedness of expression could be correlated with the direction
of spiral cleavage at the 8-cell stage in the dextrally cleaving snail Lottia
gigantea (which does not develop a coiled shell), the sinistrally cleaving snail

Biomphalaria glabrata, and in the dextral and sinistral morphs of the snail
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Lymnaea stagnalis. This correlates with adult shell coiling in the latter two
species. Disrupting Nodal function affected pitx expression and subsequent
morphological asymmetry. However, the conservation of the Nodal pathway
was only confirmed in one lineage within the Lophotrochozoa, the molluscs, and
requires further investigation using other lophotrochozoan species (further

addressed in Chapter 3).

Symmetry breaking mechanisms in Mollusca

Symmetry breaking models prior to asymmetric Nodal and pitx
expression focus on spindle orientation at the 8-cell stage, where the angle of
spindle orientation correlates with the direction of morphological asymmetry in
molluscs (Figure 1.8; Freeman and Lundelius, 1982; Shibazaki et al., 2004).
Evidence of causation was shown by physically manipulating blastomeres in
dextral and sinistral snails to alter the direction of spindle orientation (Kuroda et
al., 2009). This forced the spiral 8-cell stage to spiral in the opposite direction in
the respective snails, and resulted in a corresponding reversal of direction in
shell chirality irrespective of the genetic background of the embryo. Later
generations of these modified snails reverted back to their genetically-inherited

direction of spiralling and shell chirality.

Direction of spiralling at the 8-cell stage is determined by a maternally-
inherited nuclear locus, sinistral, in molluscs (Asami et al., 2008; Boycott et al.,
1930; Diver et al., 1925; Sturtevant, 1923). The transfer of cytoplasm from a
dextral egg into a sinistral egg caused dextralization (Freeman and Lundelius,

1982), suggesting that this nuclear locus encodes a specific factor that is
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present in the cytoplasm of mollusc eggs that causes dextrality. The identity of
this factor is not known, however this sinistral locus is being mapped in Lymnea
stagnalis and Lymnea peregra (Liu et al., 2013), which were also used in the
embryological studies of this locus. It is likely that this locus will encode a
maternal protein (or proteins) that somehow interact with the spindle at the 8-

cell stage to direct dextral orientation.

DEXTRAL SINISTRAL
(clockwise) (anticlockwise)

; -
% &

Figure 1.8 Dextral and sinistral coiling at the 8-cell stage in spiralian embryos
(adapted from Shibazaki et al., 2004).
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Caveats for dextrality and sinistrality in molluscs

The dextral and sinistral forms of the 8-cell stage and the chirality of the
adult shell are generally presented as forms that are mirror images of each
other, but in reality it is not that straightforward. Although the adult shells of
dextral and sinistral molluscs are mirror images of each other, this is not the
case for the spiralling of blastomeres at the 8-cell stage. Instead of being mirror
images of each other, the dextral and sinistral spiralling of blastomeres are
oriented through morphologically and temporally distinct cytoskeletal
mechanisms, at least in the species studied so far (Shibazaki et al., 2004). The
correlation between the spiralling of blastomeres and the chirality of the adult
shell is less linear than currently presented, and there is likely an unappreciated
amount of complexity in the cellular mechanism underlying chirality at early

cleavage stages.

Symmetry breaking for other axes in molluscs

It is still not known how symmetry is first broken in sinistral and dextral
molluscs, however there is further evidence for a cytoskeletal mechanism in
establishing asymmetry across other axes in other mollusc species. For
example, in the marine gastropod llyanassa obsoleta, maternally-deposited
RNA is involved in specifying the formation of the D-quadrant organizer, a
vegetal cell that directs DV axis development (Kingsley et al., 2007; Lambert
and Nagy, 2002; Lambert, 2010; Rabinowitz and Lambert, 2010). Similar

asymmetric RNA localization is also seen in the gastropod Crepidula fornicata
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(Henry et al., 2010). It is possible that an asymmetrically deposited maternal

MRNA also influences LR asymmetry, but this is not yet clear.

Caveats for LR asymmetry in relation to the DV axis

One important concept to understand is that dextrality and sinistrality at
the 8-cell stage (third cleavage) does not necessarily correlate with initial
symmetry breaking. This is the first visible sign of chirality, but in some equal-
cleaving spiralians (see Chapter 4 for more in modes of cleavage) this precedes
DV axis specification, which occurs much later with the formation of the third
quartet of micromeres (24-cell stage). As left and right cannot be present
without the AP and DV axes, spiral cleavage cannot break LR asymmetry in
equal-cleaving spiralians at this point, but likely provides the initial chirality that
can be harnessed by a subsequent mechanism that breaks symmetry in relation
to the AP and DV axes. In effect, this means that when referring to sinistrality
and dextrality at the 8-cell stage, this is not necessarily meant to be taken as

the point of symmetry breaking but as the first sign of chirality in the embryo.

LR asymmetry in other lophotrochozoans

Outside of the molluscs, there are no studies showing any similar
mechanisms for asymmetry establishment in other lophotrochozoan Phyla. This
is mainly because they are under-studied in comparison to molluscs. The spiral
cleavage program, however, is seen in a number of species including

platyhelminthes, nemerteans, entoprocts, phoronids, annelids, and molluscs
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(Lambert, 2010; Merkel et al., 2012; Pennerstorfer and Scholtz, 2012). The
conservation of the spiral cleavage program makes it tempting to suggest that
the symmetry breaking mechanisms related to spindle orientation in molluscs
are also conserved in these lineages. However, there are important differences
between molluscs and other lophotrochozoans. For example, sinistral mollusc
strains and species occur naturally (if rarely), but the majority of other lineages
seem to lack sinistral forms (at least as far as has been documented). It is also
possible that similar mechanisms of asymmetry establishment have evolved
convergently in spiral-cleaving animals. What is known is largely drawn from
studies of the molluscs, and needs to be extended to other lophotrochozoan
Phyla to understand the extent to which these genetic, molecular, and cellular

mechanisms are conserved in the Lophotrochozoa.

Mechanisms of LR asymmetry establishment across the animal kingdom

Taken together, our understanding of LR asymmetry establishment and
its underlying mechanisms is limited to a scattering of model organisms. This
limits the phylogenetic distance at which we can generalize these mechanisms
to all animals, and it becomes clear that a wider selection of animals needs to
be studied to understand conservation and divergence in mechanisms (Figure

1.9).
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Figure 1.9 Nodal presence/absence and mechanisms for LR asymmetry
establishment across the animal kingdom. Solid green boxes indicate presence
of Nodal, dotted red boxes indicate absence of Nodal. Mechanism that have
been studied run down the right-hand side.
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To this effect, | have selected an annelid and a mollusc to study the
mechanisms of LR asymmetry establishment: the polychaete annelid
Pomatoceros lamarcki and the gastropod mollusc B. glabrata. An environment
to keep P. lamarcki in the lab had already been established previously in the lab,
and B. glabrata were obtained and set-up for culture in the lab (this thesis, see
Chapter 4). These two were selected because they were readily available, and
more importantly are both equal-cleaving spiralians (see Chapter 4 for more on
cleavage modes) with opposite directionality, where P. lamarcki is a dextral-
spiralling annelid with right-handed placement of the operculum (see Chapter 4),
and B. glabrata is a sinistral-spiralling mollusc with left-handed chirality of the

adult shell (Figure 1.10).

Figure 1.10 Representation of directionality in spiral cleavage in (A) the dextral
annelid P. lamarcki, and (B) the sinistral mollusc B. glabrata.
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P. lamarcki

The serpulid annelid P. lamarcki (synonymous with Spirobranchus
lamarcki and Pomatoceros lamarckii) is an intertidal polychaete of the
Sedentaria (Figure 1.11) and is used in ecotoxicology studies due to its harmful
effects on shipping. The Sedentaria clade has recently been classified as a
characteristic group within the polychaete annelids, along with errant
polychaetes (the Errantia). In the most recent annelid phylogeny, P. lamarcki
has been placed at the base of the Sedentaria (Struck et al., 2011). This tube-
dwelling sedentary annelid undergoes equal spiral development, where the
blastomeres are of equal size during early cleavage stages. Among the
methods of early spiralian development, the equal cleavage of P. lamarcki is a
method that has been particularly understudied in comparison to unequal
cleavage and cleavage with large polar bodies (see Chapter 4 for more on

modes of cleavage).

B. glabrata

B. glabrata is an equal-cleaving, neotropic, freshwater pulmonate gastropod
of the family Planorbidae (Figure 1.12), and is best known for being an
intermediate host for the disease-carrying trematode Schistosoma mansoni, a
parasitic flatworm that transmits the human disease schistosomiasis. Most
recently, it has been at the center of the LR asymmetry studies that first
identified Nodal expression within the Lopohotrochozoa (Grande and Patel,

2009; Kuroda et al., 2009).



Figure 1.11 P. lamarcki adults. Female (pink/ dark orange body) and male
(white/ light orange body).
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Figure 1.12 B. glabrata adults.
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Aims of this thesis

This thesis aims to unravel the mechanisms underlying symmetry
breaking and asymmetric gene expression during LR asymmetry establishment.
Two non-model species were used with the ultimate goal of understanding how
LR asymmetry establishment mechanisms may have evolved in bilateral
animals (Figure 1.9). The use of non-model species meant that many routine
techniques had not been established, and a great deal of technical innovation
was done to achieve the work in this thesis. Together, this can be broken down
into three aims, highlighting novel techniques that were developed in and for

this thesis:

1. To generate a resource to study molecular evolution in a non-model
organism. The P. lamarcki genome was sequenced and assembled in
order to use P. lamarcki for studies of molecular evolution (Chapter 2).

2. To see whether Nodal is conserved in annelids. Nodal was searched for
in the genome, and an in situ hybridization protocol was developed for P.
lamarcki (Chapter 3).

3. To observe whether there was directionality at early cleavage stages by
analyzing the inner cell dynamics of P. lamarcki and B. glabrata embryos.
A Lightsheet microscope was used to visualize cytoplasmic dynamics.
This was challenging as protocols for mounting, visualization, and data
analysis were not yet fully developed. Mounting, visualization, and data
analysis techniques were developed in this thesis in addition to mounting
with drug treatments. Techniques for the dissection of B. glabrata eggs

were also developed (Chapter 4).
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Below are papers that have come out of this thesis:

*joint first author

Appendix 1: Namigai EKO, Kenny NJ, Shimeld SM, 2014. Right across the tree
of life: the evolution of left-right asymmetry in the Bilateria. Genesis 52,
458-70.

Appendix 2: Kenny*, Namigai*, Marlétaz, Hui, and Shimeld, 2015. Draft genome
assemblies and predicted microRNA complements of the intertidal
lophotrochozoans Patella vulgata (Mollusca, Patellogastropoda) and
Spirobranchus (Pomatoceros) lamarcki (Annelida, Serpulida). Marine
Genomics. in press.

Appendix 3: Kenny NJ, Namigai EKO, Dearden PK, Hui JHL, Grande C,
Shimeld SM, 2014. The Lophotrochozoan TGF-f signalling cassette -
diversification and conservation in a key signalling pathway. Int. J. Dev. Biol.
58, 533-49.

Namigai and Shimeld, 2016. Cytoplasmic flow in a dextral and a sinistral equal-
cleaving spiralian is correlated with cell division. in prep.
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Chapter 2

Molecular resources for studies of annelid development

Introduction

Currently, the available lophotrochozoan genomes include Helobdella
robusta (leech), Capitella teleta (polychaete), Lottia gigantea (mollusc), and
Crassostrea gigas and Pinctada fucata (oysters) (Simakov et al., 2013;
Takeuchi et al., 2012; Zhang et al., 2012). Given that there are hundreds, if not
thousands, of species within each phylum of the Lophotrochozoa, it is an
understatement to say that relying on these genomes alone would be a gross
misrepresentation. In terms of polychaete annelids, this is especially the case,
as the single genome available cannot by itself reflect the diversity of

polychaete species.

We have sequenced and assembled the genome of the polychaete
Pomatoceros lamarcki, a sedentary polychaete annelid. Genome assemblers
are constantly evolving and improving, and there is no hard and fast rule in
choosing which assembler to use (this is also dependent on the genome being
sequenced). In this case, several assemblers were trialled. The genome
contains high levels of polymorphism and is a low quality assembly, however
we were able to demonstrate that despite the draft-quality of the genome,
molecular components such as microRNAs (miRNAs; Kenny, Namigai et al., in
press; Appendix 2) and TGF-beta components (see Chapter 3; Kenny, Namigai
et al., 2014; Appendix 3) can be reliably extracted and studied. The P. lamarcki
genome has been made public through the publication of a miRNA case study,

and this will be presented below.
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Methods

Genomic DNA extraction

Sperm from a single adult P. lamarcki male was homogenized using an
RNase-free polypropylene pellet pestle, washed three times with 2x PHB buffer
(0.1M EDTA, 50M Tris, 2.5% SDS, in distilled water), and after addition of
0.015M NaCl and Proteinase K (0.6ug/ml) were digested overnight at 50°C.
Genomic DNA (gDNA) was extracted by three phenol-chloroform extractions
followed by one chloroform extraction with a 15-30 min. rotation. The samples
were washed twice with chloroform before adding 0.1 volumes of sodium
acetate and 2.5 volumes of 100% EtOH for incubation at -20°C overnight. gDNA
was washed twice with 70% EtOH, air-dried at RT, and resuspended in 100yl of
distilled water. gDNA was then prepared for sequencing by the Wellcome Trust

Centre for Human Genetics (WTCHG, Oxford, UK).

Genome sequencing and assembly

Two libraries of insert sizes 201bp (base pairs) and 500bp were
sequenced using a single lane of lllumina Hiseq2000 with 100bp paired end
reads. Jellyfish was used to count k-mers for coverage calculation. The two
libraries were then assembled together on a Unix platform using four
assemblers: SOAPdenovo, SOAPdenovo2, ABySS, and Velvet (Table 2.3)
using a range of k-mer sizes to find the optimal assembly (k-mer sizes 31-71). A
blast database was then created in order to search for specific sequences by
BLAST. Sequencing was funded by the Elizabeth Hannah Jenkinson Fund

awarded to EKO Namigai, JHL Hui, and SM Shimeld.
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mMiRNA identification

MiRNA sequences were downloaded from miRbase and searched
against the genome using BLASTN and checked for integrity (done in
collaboration; see Kenny, Namigai et al., in press; Appendix 2). BLASTN was
performed with parameters used in other miRNA studies (Quah et al., 2015),
with the specifications word size=11, reward=>5, penalty=4, gapopen=8 and
gapextend=6, and checked for proper miRNA folding by RNAfold. In this thesis,
small RNA libraries were not specifically sequenced and identification criteria
pertaining to small RNA libraries (Quah et al., 2015; Tarver et al., 2012) were

not used here.

MIiRNA expression

RNA was extracted from P. lamarcki whole adults in addition to only the
head, abdomen, and trochophores separately, using the miRVana kit (Life
Technologies). gDNA was removed by applying a DNase treatment directly to a
Qiagen RNeasy column. cDNA was reverse transcribed, and negative controls
replaced the reverse transcriptase enzyme with an equal quantity of solute.
Primers (Table 2.1) were designed using the Primer3 program, v. 0.4.0
(http://frodo.wi.mit.edu). miRNAs were amplified by PCR and run on 2%
agarose gels, and bands were excised and sequenced to confirm the identity of
the miRNA. The latter procedure was done for this thesis multiple times with no
success, likely due to the low integrity of the RNA extracted. The final
successful amplification was done by others using a different sample of RNA

(see Kenny, Namigai et al., in press; Appendix 2).



Table 2.1 miRNA primers. Red indicates those that were expressed in P.

lamarcki.
miRNA | product size [forward primer reverse primer
(bp)
5sRNA 50 GCCATACCACGCTGAATACAC GCTTAACTCCCGTGATTGGA
1957 52 GGGATGTAGCTCAGTGGTAGAG [ACCCCGGGCCTTCC
3533 60 CGAGACCACCTACAACAGCA GCGTACAAGTCCTTACGGATG
1285 51 GGATAGCACCTGTGAATAGGC CCAGCTATGTTGGACAGGCTA
7 51 GGAAGACTAGTGATTTTGTTGTTG [TGATTTCTTGTTAATTTCATTCACG
G
8 67 GACATCTTCCTTGGCAGCA GGCATCTTTACCTGACAGTATTACAA
1983 124 CAGCCCCAGTAGCTCAGTCG INAAACAATTGCCCCAGGTGA
716 59 GGGGATAGTAGGAAATATTCAAACITGAAACCCTTCCCCACTTCA
GAG
3350 51 JAAAAACAGATTTCTCATAAGTTGA [TGATTACTGAACCCAATTTTGA
IACA
1817 68 JAATTTGAGGGCATCGAAAACC TGTTTTCAGGATTATGTATTCATTGTG
1287 73 CGAAGATTCTAGAAAAGTGGTTCG|GCACCTATCACTGAATCTGTTGC

IAG

42
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Results
Genome sequencing strategy

The P. lamarcki genome was previously estimated to be 1.23-1.50pg
(Gregory, 2014). As one lane of sequencing yields approximately 30Gbp of
sequence per lane, the strategy was to use a single lane for an estimated 20-25
fold coverage. Two fragment lengths of 180bp and 500bp were requested in
order to maximize the number of sequences retrieved upon sequencing and

assembly.

Genome sequencing and quality analysis

Sequencing was performed using Illumina/Solexa technology (lllumina
Hiseq2000) with two libraries of fragments sizes 180bp and 500bp for paired-
end sequencing of 100bp reads. Sequence quality of the raw data was
assessed using FastQC analysis (Babraham Bioinformatics), which averages
the quality of the sequence at each base (Figure 2.1). Quality was deemed
sufficient to continue with assembly, with median quality scores being above 30
(considered very good quality) to nearly the 100" base pair. The quality tapers

off at the very end of the read.
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Figure 2.1 FastQC quality analysis of (A) 180bp and (B) 500bp DNA fragment
libraries of the P. lamarcki genome, with read position (bp) against FastQC
quality scores. FastQC scores are represented by: green (28-40) = high, orange
(20-28) = intermediate, and red (0-20) = low. Yellow boxes represent the inter-
quartile range (25-75%), upper and lower error bars represent the 10% and
90% points respectively, red lines in each yellow box represent the median
value, and the single dark blue line running across the yellow boxes represents
the mean quality.
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Genome coverage and error

Genome coverage represents how much of the genome has been
recovered in sequencing. Genome size of the raw reads was estimated by k-
mer distribution, where coverage was plotted against k-mers counted using
Jellyfish (Marcais and Kingsford, 2011) to find peaks of distribution. This was
done first by counting 19-mer fragments (Table 2.2, Figure 2.2), where there
was an overall 10x coverage. However a subsequent analysis found that
counting 21-mer fragments was more reflective of coverage and genome size
for this genome (done in collaboration; see Kenny, Namigai et al., in press;
Appendix 2). In the 21-mer coverage distribution, there was a double peak (12x
and 24x) in the k-mer distribution which when summed reflected a 1.25 Gbp
genome size (see Kenny, Namigai et al., in press; Appendix 2). This means that
80% of the estimated genome was recovered upon assembly, where the loss of

data can be attributed to misassembly of repetitive regions.

Table 2.2 P. lamarcki genome sequencing parameters and statistics.

library insert read number of inferred 19-mer genome overall

name size (bp) length reads genome coverage | coverage genome
(bp) size (Gbp) | peak coverage

274 500 100 67048915 1-2.26* ~4x 4.8x 10x

278 201 100 119500405 ~8x 9.7x

* Method 1: (tot # k-mers represented more than once) /8); 18134670942/8 = 2.26 Gbp

Method 2: total distinct k-mer; 978991876 = ~1
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Error was corrected using the Quake program (Kelley et al., 2010).
Quake uses the same general method as the EULER assembler (Pevzner et al.,
2001). This k-mer distribution method counts the number of oligonucleotides of
a certain size k (k-mer) in the reads, and assigns low coverage k-mers as error
(about 1-fold coverage) and high coverage k-mers as true sequences. The
reads categorized as error are then corrected by editing single bases until all
reads are of high coverage (or discarded in the event that this is not possible),
with the aim of using the minimum number of single base edits. Quake uses this
k-mer distribution method, but incorporates read quality for both the
identification of error and for the correct editing of the identified error. When
identifying error, a model incorporating quality of reads is used to find the most
accurate cut-off distinguishing low coverage reads (error) from high coverage
reads. When correcting error, lower quality bases where error is more likely are
edited preferentially over higher quality bases. These error-corrected libraries

were used to assemble the genome.

Genome assembly

The P. lamarcki genome was assembled using two methods: ABySS
(Assembled by Short Sequences; Simpson et al., 2009) and Short
Oligonucleotide Analysis Package (SOAPdenovo and SOAPdenovo2; Luo et al.,
2012). Each assembly program was trialled with different k-mers to find the
optimal value, assessed by N50 where the N50 represents the length of scaffold
at which 50% of the genome is contained in scaffolds either equal to or greater

than that length (Table 2.3). The k-mer size of assembly by SOAPdenovo2



47

dictates the bp size used to map reads to contigs, and in this case the optimal
k-mer size was 51. This optimum is not one that is optimal across genomes,

and is largely dependent on the particular genome that is being assembled.
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Figure 2.2 19-mer fragment k-mer distribution of P. lamarcki genome
sequencing for (A) 180 bp and (B) 500 bp libraries. Peaks in the distribution (at
approximately 8 in A, and 4.5 in B) indicate genome coverage of the particular
library. Error is represented at approximately 1x coverage.
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Table 2.3 Assembly parameters and resulting statistics used to find the optimal
assembly of the P. lamarcki genome using: (A) ABySS (+Quake), (B)
SOAPdenovo, and (C) SOAPdenovo2 (+Quake).

a
ABYSS
k-mer 21 31 41 51 61 quake quake
size 21 61
Statistics | Min contig | 21 31 41 51 61 21 61
for contig | length:
lengths:
Max contig | 12,180 34,118 35,568 42,219 37,876 12,059 42,797
length:
Mean 34.62 71.05 105.03 142.04 183.31 34.91 185.19
contig
length:
Standard 30.69 176.32 259.62 335.55 388.5 30.78 396.78
deviation
of contig
length:
Median 26 42 60 79 103 26 104
contig
length:
N50 contig | 36 73 118 175 255 36 261
length:
Statistics | Number of | 64,846,33 27,508,15 19,294,21 14,615,04 11,423,67 63,239,6 | 11,209,0
for contigs: 0 7 4 0 2 26 97
numbers
of
contigs:
Number of | 5,525 139,806 201,979 252,559 293,524 5,131 294,231
contigs
>=1kb:
Number of | 18,902,93 | 4,685,090 | 2,648,614 | 1,708,328 | 1,248,872 | 18,380,3 | 1,201,94
contigs in 4 71 9

N50:
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SOAPdenovo
k-mer size 21 31 41 51 61 71
Statistics for | Min contig 100 100 100 100 100 100
contig length:
lengths:
Max contig | 7,160 14,438 15,565 16,368 15,499 11,148
length:
Mean 197.86 225.9 236.8 228.95 253.9 269.06
contig
length:
Standard 146.03 237.87 270.44 248.19 223.82 179.01
deviation of
contig
length:
Median 148 150 152 150 182 234
contig
length:
N50 contig | 208 255 271 268 301 301
length:
Statistics for | Number of | 2,332,098 | 3,885,574 | 5,253,792 | 7,017,225 | 6,338,478 | 4,036,419
numbers of contigs:
contigs:
Number of | 10,344 60,539 103,843 133,245 100,635 33,376
contigs
>=1kb:
Number of | 639,063 857,600 1,091,872 | 1,443,399 | 1,474,868 | 1,166,365
contigs in
N50:
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C
SOAPdenovo2
k-mer size 21 61 quake 21 quake 41 guake 51 | quake 61
Statistics for | Min contig 100 100 300 300 300 300
contig length:
lengths:
Max contig 7,160 11,085 37,223 43,264 37,132 35,887
length:
Mean contig | 197.41 247.89 697 646.27 1327.69 751
length:
Standard 145.41 183.79 990.32 1163.76 1439.37 | 881.79
deviation of
contig length:
Median 148 200 351 220 898 394
contig length:
N50 contig 207 281 1,306 1,554 1,939 1,289
length:
Statistics for Number of 2,333,035 4,888,714 1,037,318 1,619,351 726,277 1,260,243
numbers of contigs:
contigs:
Number of 10,262 41,351 208,859 276,510 311,778 | 288,703
contigs
>=1kb:
Number of 641,031 1,316,688 143,272 164,213 135,692 205,315
contigs in
N50:

Assembly quality

Genome quality was assessed using the N50 as the deciding parameter.

The N50 is calculated by ordering contig lengths from largest to smallest,

finding the least number of contigs it takes to represent 50% of the genome.

The length of the smallest of these contigs is the N50 (Salzberg & York, 2005).



For the purpose of this project, a crude genome assembly is sufficient, and

genome quality was not rigorously assessed beyond this metric.

Statistics on optimal assembly

51

The quake-corrected SOAPdenovo2 assembly (k-mer=51) was selected

as the optimal genome assembly based on the N50 statistic (Table 2.4). Sperm

from a single animal yielded 964,274,156 bp of sequence upon assembly of the

genome.

Table 2.4 Statistics on quake-corrected SOAPdenovo2 k-mer 51 assembly of

the P. lamarcki genome.

Contigs greater than 1kb represent 43% of the total contigs, which
suggests low contiguity. However, when looking at the number of bases in
contigs greater than 1kb, it becomes apparent that 75.3% of the assembly is
contained in these longer contigs. As an appreciable percentage of the

assembly is contained in contigs that are 1kb or longer, this means that gene

Species/Metric (bp unless stated) P. lamarcki
Number of 2*100bp Paired End Fragments (200bp library) 119,500,405
Number of 2*100bp Paired End Fragments (500bp library) 67,048,915
Min contig length 300
Max contig length 37,132
Mean contig length 1327.69
Std deviation of contig length 1439.37
Median contig length 848
N50 contig length 1,939
Number of contigs 726,277
Number of contigs >=1kb 311,778
Number of contigs in N50 135,692
Number of bases in all contigs 964,274,156
No. of bases in contigs >=1kb 726,465,383
GC Content of contigs (%) 27.97

N content of contigs (%) 0.53485
Genome size (Gbp) 1.25
Overall Coverage 15/30x

k mer Coverage (21mer) 12/24x
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identification, protein domain content, and other genomic information could
plausibly be found in the genome. This is corroborated by the N50 statistic,
which, although not ideal, indicates that there is enough contiguity in the
genome for this type of analysis. This, of course, is not a conclusive diagnostic,

as the integrity of these longer contigs is not known.

The proportion of N’s (0.53%) indicates that there are gaps in the
genome, where bases are replaced by N’s to fill gaps during assembly of
contigs into scaffolds. Such gaps are problematic, as this indicates a loss of
information. Each genome comes with its own set of difficulties both in
sequencing and assembly, making it difficult to pinpoint exactly why there are
gaps, but usually they occur due to repetitive regions in the genome, secondary
structures, or simply due to low sequence coverage (Tsai et al., 2010). At the
sequencing level, some gap-inducing problems may have originated from the
choice of DNA fragment size for sequencing. Two DNA fragment sizes (180bp
and 500bp) were chosen, providing the possibility to take advantage of the
overlap of these two fragments to maximise the sequencing of non-repetitive
sequences. It is not clear whether sequencing larger DNA fragments would

have prevented gaps, however it does remain a possibility.

The GC content is relatively low (28%, Table 2.4), where GC content
above 50% is considered high (Takeuchi et al., 2012). This shows that this
genome is AT-rich. What a GC-poor or AT-rich genome can mean is not clear,
and has been a point of debate. GC content has been associated with mutation
rates of CpG islands (Fryxell & Moon, 2004), fixation bias or GC-fixation bias
(Katzman et al., 2011), and a range of other correlations (Romiguier et al.,

2010). Low GC content does not mean that this is homogenous across the
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genome, and it is thought that GC-poor and GC-rich regions can be
concentrated at specific parts of the genome. Conversely, any correlations
drawn may be erroneous due to GC bias during sequencing. This is a known
problem for lllumina sequencing, where GC bias confounds read mapping, and
is a problem that is just beginning to be addressed (Benjamini & Speed, 2012;

Ross et al., 2013; Chen et al., 2013).

mMiRNA case study

mMiRNAs are short RNA sequences (approximately 50bp) that function to
transcriptionally regulate gene expression. They were discovered in animals
relatively recently (Pasquinelli et al., 2000), and are potentially useful characters
to infer phylogeny as they are thought to be slow-evolving and rarely lost. A
problem has been biased sampling across the animal kingdom, and this was
addressed using the P. lamarcki genome. This was an opportunity to test the
utility of the genome to find biologically-relevant information, and as miRNAs
are short sequences, the low contiguity of the genome should not be significant.
MiRNA sequences were searched for in the P. lamarcki genome, and 66

putative miRNAs were found (Table 2.5).

A handful were selected for further analyses (Table 2.6) and confirmed
for hairpin formation by RNAfold (Gruber et al., 2008). These particular miRNAs
were selected to capture miRNAs that were either known to be present in these
animals (as a positive control), and miRNAs that had previously been thought to

be specific to a different lineage, together with 5SrRNA expression as a control.
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Table 2.5 miRNA sequences found in the P. lamarcki genome.

miRNA scaffold length e-value hit sequence (portion of scaffold hit by BLASTn)
hit of hit
(bp)
2 scaffold9196 74 7.00E-03 GCTGGTTCTGTCGAAGAGGTTGTGAAATTGCTCTTCCTTT
AAC--CATATCACAGCCTGCTTTGATAAGATCAG
7 scaffold120882 66 6.00E-06 GTTTGGAAGACTAGTGATTTTGTTGTTGGACGTGAATGAA
ATTAACAAGAAATCACTA-TCTTCTT
8 scaffold308814 77 1.00E-05 GGT-
TCTGAGGACATCTTCCTTGGCAGCATTACATATGTTGACT
GAAGTGTTTGTAATACTGTCAGGTAAAGATGCC
9 scaffold248225 72 2.00E-04 CCATTTTTTCTTTGGTTATCTAGCTGTATGATTAA-
AGTTGATGTATCATAAAGCTAGGTTACCAAAGCTAA
29 C1453782 76 3.00E-04 CTTGAGGTCGCTGTTTTCTTTTGG-
GGCGTAGATTCGCGTGATTCCCTGTCTAGCACCATTTGAA
ATCAGTTTTCT
33 scaffold571803 65 0.029 CAGTGGTGCATTGTAGTTGCATTGCATGTATCATAATGAA
CTCGTGCAGTGCTCCTGCCGGCAAC
71 scaffold552498 61 3.90E-02 TTGAAAGACATGGGTAGTGAGATGTGT---
TAAAAAAAGTCACCTTGCTACCATGTCCTTC
87 scaffold515760 71 9.00E-03 TTATCGTGAGTCGCATCTGAATTTTTGTCTCAAGCCTTCAA
ATAATACGAGGTGAGCAAAGTTTCAGATGT
96 scaffold464026 73 7.00E-04 ACTTGGCACTGGCGGAATAATCACTTATTGTGTTAGCACC
AGTGATGTTCCCTTGGTGCCTAATAT-ATCATC
100 scaffold285706 99 2.00E-07 ATATATTCCAAGTTGCACTAACCCGTACAACCGAACTTGT
GCCGTTTTATCGACTCGAGAGAACGCAAGCTCGCTTTTAC
GGGATAGTGTTGCTTTGGG
124 scaffold440006 82 8.00E-04 CAAAATGCTTTGCCTAT--
GTGTTCACTTCGTCAGCCTTGGTGGTGGAAAATTGAAACA
ATTAAGGCACGCGGTGAATGCCA
125 scaffold346750 63 0.092 TCCCTGAGACCCTAACATGTGA--
TGACATTCGAGGTTCACACGTTACGATCTCGGGATTAGG
137 C2798015 73 4.00E-09 GCTGTCTTGATTACGGGTATTCTTGGGTTAATAATATACC
GGCCAGGATATTATTGCTTGAGAATACACGTAG
153 C6475418 84 5.00E-08 GGAATGGAATCTGCTGGTATCCACGAGACCACCTACAAC
AGCATCATGAAGTGCGACGTTGACATCCGTAAGGACTTGT
ACGCC
184 scaffold171685 73 0.014 TCGTTTCCTTTTCACTTCT-TCGCCCCGTCTAC-
CGTACTCACGAGCTGGACGGAGGACTGATAAGGGTTGGT
215 scaffold243684 77 0.009 ACCGATCAAAGGACCGACATTAATTTTCAAGTTTGTCTGT
C-TGTCTGTCTGACACTCCGTCTGTCCGTCTGT-CTG
219 scaffold216005 137 2.00E-04 AATCAATATCGGGATCTGTCATTACATCATTATTCTATACA
TACATTTTCAATTGTTTACATTGATCATTGATCAAGATTTAT
TGATATTATATTCCCTAAATGTGTT--
TTCATATCATATGATAGCAAATCAAAC
277 scaffold525653 114 0.009 ACATGCTATTTCTG--
TTGTAACCTAGTTACAACGAGTATCCTT-T-
ATAGATGGTTTTCATCTGTTTTTGTTTTGTTGTATGTGTGG
TCAATGTAATACAAATCAGTTTTGTT
307 scaffold413536 104 8.00E-03 TAATTGATACCAAATAGAATGACATCAAAATATAAATTAGA
AAAAAATATCCCA-
AAAGACCATGATAATAAAATAACTTATATCAAAATATATAT
GATTTAAG
315 scaffold558784 59 0.014 AGTTTTGATTGTTGCTCAGAAAGCCGTAAAT-TCAAC---
TTGGCTTTCGAGTAATAAT
466 C1177640 74 1.00E-04 TGTGTATATGTGTATATATGTGTGTATGTA--
TGTGTGTATTTGTATATATATATATATATATATATATACATA
C2372257 71 0.001 TATTTGTATGTGTGTGTGTGTGCATATATATATGTGAATAT
ACAGATATGTATATATATATACGCGTATAT
scaffold119761 55 8.00E-04 TGTTGATATAT-
TTATGTATGTATGTGTGTATGTGTGCGTGTTGTGTATACGT
AT
467 scaffold593976 72 0.004 GTACGCACATGTATATGCGCACACATTCGAAACACATATA
TACATTCCCAGGCACACACATACACACACACA
669 scaffold144438 60 0.001 ATGTGTGTATTTGTGTATGTATTTGTGTGTATGTGTATATG
TGTATATGAGTATATATAA
C4033725 88 0.002 TGTGTGTATGTGTGTGTGCGCGTGTGTGTGTGTGCGTGT
GTTTTTAAAATACATACACACACACACATACAAAACACACA
CACACACA
scaffold588745 69 0.002 TACATATACATACGTGTAAACAACTAAACATAA-

ATACACACACATATATAAACCCAAGCACACAAACA
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C3804321

83

0.002

CATACATACATATGTGTGTATGTATGTATGTGTGTGTACAT
ACATACACACATACATACACACATACATCCATACACACATA
C

705

scaffold340718

82

6.00E-08

GCATGAGGTGCGACGTGGGGTGGTTGCCGAAATCTGAGC
TGACATAGCCGACGCGCAGGCGCCCGTTGCTCGCCGCC
AGGTC

716

scaffold492884

60

5.00E-05

GGGGATAGTAGGAAATATTCAAACGAGAGTTTTGAAGAAT
GAAGTGGGGAAGGGTTTCAT

767

scaffold472580

91

3.00E-03

AAAGATTTCTGCTCATGCACCAAGATT-
TCTGGTCATGCACCAAGATA-
TCTGGTCATGCACCAAGATAGCTGGCCATGCACCAAGATT
TC

982

scaffold407224

107

0.004

GTTAATAAATGCTAAAATCATAAAAGTTTTT--ATATTTA-
CAAGTAGATTAATGTTC-
ACTTCCATTTATCTGTTATTTCTATTTGTGCGTACTTGTTTC
AC-GCT

1285

scaffold330682

76

1.00E-03

GATCAGTAGTGGGATAGCACCTGTGAATAGGCAACGGGG
GGTAGCCTGTCCAACATAGCTGGACTTACTTCTTTTT

1287

C1734625

83

1.00E-07

GCTGCGAAGATTCTAGAAAAGTGGTTCGAGTCGGAGCCT
CTCAAAGCCACGCTGGCAACAGATTCAGTGATAGGTGCT
ATGAC

1497

C2055745

82

0.003

ACCAAATAGTGCCACTATCTTTTAAATCTGCAGTTATCTTC
TCAAAAAATAAAAATTAGATAAAGTTTTGAAGAATTACAGG

1817

C5299747

96

0.006

AATTTGAGGGCATCGAA-
AACCTCTCTATCATGGGTTTTAAACACAATGAATACATAAT
CCTGAAAACAATT--TTAATGTATGTCAGAAAAGTTT

1957

scaffold542862

65

0.059

GGGATGTAGCTCAGTGGTAGAGCGCCCGCTTTGCATGCG
GAAGGCCCGGGGTTCGATCCCCCGCA

1983

scaffold327473

130

5.00E-08

AGCA-
GCCCCAGTAGCTCAGTCGGTTAGAGCGCGGTACTTATAC
AGCAGTATTCGTCTGTTCTGAACAGACAGCGCGCAGGCA
ATGCCGAGGTCGTGAGTTCGAGCCTCACCTGGGGCAATT
GTTTTTTT

1992

scaffold191985

53

1.00E-02

ACGGTTGCTAGTAGTTTTAAT-
TCAACCTATCAGCAGTTGTACCACTGATGTG

1993

scaffold91460

64

7.00E-04

TTTCGTAAATTTCGACATAATGCTGTATAATTGGACCAGTA
TTATGCTGTTATTCACGAGATGA

1996

scaffold318934

62

3.00E-03

GTCTCAAGTGAGGTCAGTGCTGCTGTGGCAAGCTAACAA
GGGGTGCTGCACTCAGTTGAAAC

2000

scaffold448983

78

3.00E-04

GCATGACATAACTAGAAGTTGGGTAGGCTTTAAGTGAAAT
ACCATTTTAAAGTCTTCACTACTTTTAGTTTCGAAATG

2154

C6245532

94

0.006

AGTGAATATTAGAATTTCAGATAGAAAATATTACTTGTGTC
TGCTTAAATGATTTT-
TTAACTGCATATCTTTAAACATTGTTTATTTATTTAT

2476

scaffold231526

71

0.002

TCCCATGTGGTCTAGTGGCTAGGATTCCGCGCTTTCACCT
CGGCGACCGGGGTTCAATTCCCCGCATGGGA

2693

scaffold86750

61

0.004

AGAAATTGTATACTAGTCTAGTTTATTCAAGTGTGTAGCTG
CTAGTCTAGTGTACAGTTCA

2702

scaffold275307

76

1.00E-04

GCGCGCTATATTTCTACCACCTGAATG-
TCCGCACCGTAACTACTCGTTCAGGTAATAGAAATGTACA
CTGCCTGT

2986

scaffold537149

135

2.00E-05

TCATCTTGCGA--
ATAAACTGGGAATCATCTTGGGAATCATCTGGGTGTCATC
TTGGGATGATCTGGGTATCATCTGGGGATCATCTGGGGA
TCATCTGAGTATCATCTGGTGA---
TCATCTGGGGATCATCTG

3212

scaffold267616

112

0.003

TTCATGATCATG-
ATTTTGTCTTTGAAATAGATTACTTAGAAAACCATAAATTGT
GAAATTTTATTGTGATAAATTTAACTATGTTTTCAATAGTTC
ACAACAAGTATTATT

3259

scaffold232075

99

0.009

ACAAATTCTAGAATTTAATACTATTAACAACATA--
TTCTTGAATTGA-
TATATATTGACAAGAAATTCTTGAATTTAGATATATTGACAA
CAAATTCT

3350

scaffold122579

128

0.002

AAAGATGAAATAAAAAATAAAAAACAGATTTCTCATAAGTT
GAACATGTCA-AAATTG--GGT--
TCAGTAATCATAATTTATTACATGAAATCTAATTG--
CATTACAAACGTTTATGCAATTTGCA

3362

scaffold388455

96

2.00E-04

AGGCAGTTTGCGATTTTAATGGTAAATTCACCAATATTGTA
GCGAAATGGCCTGGTTCAGCGGCTGATTCTAGAATCCTT
GATGATTCTTTGTTAA

3367

scaffold558412

86

0.007

AAACTTAATTATATTTTGTCCACTTCCCCTTATCAAAGTAG
AAATCATTGAATATGTTAGTAAACAGTTTGTGTAAGGTAAT
TCTG
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3533

C6475418

84

5.00E-08

GGAATGGAATCTGCTGGTATCCACGAGACCACCTACAAC
AGCATCATGAAGTGCGACGTTGACATCCGTAAGGACTTGT
ACGCC

3676

scaffold211465

60

3.00E-07

AAAGCGCCTGTCTAGTAAACAGGAGATCCTGGGTTAGAAT
CCCAGTAGGGCCTCCTTTTT

3716

scaffold12898

118

0.001

TATTATATTTCTTTGTTAATTATTCTTTCAACAAATTATAATT
ATAAGATATTGATATGAATACGTATTAAACAGTTCTAATTTA
AATCACATACACATAAAATAAACCAAATAGCTT

3724

C3934081

108

0.007

CTGGAAATTATAAATCAATATATAAATTCACGCTTAAAATG
AATTATGAATCATAAAGGAAGAATAGCGAAATGTTAAATCA
CAAATGTTTTTCACAATGTTTAATTT

3737

scaffold580568

82

0.004

GATATGTTTGTATGTATAT--
ATATGGATAACAATTTTATATAAATGACATGTAAAATATTT-
ATTGTTTAGAATATATTTT

3756

scaffold318691

96

3.00E-04

TCTGGTATCTATCA-ACGGA-
AATATCATAAATAATATTGCTATATTGTTCCTTTAATTAATA
CAATTAAATGTT-AAATGCTAAATATCACAGAA

3757

scaffold112923

130

7.00E-03

ATTTGGATATTAGAAATAGCAAGGCATATCTAAGCTTTAAT
ATGTCACCTTATAAAAAAATTGGAATATTGATTAGAAAAAT
GTGTACATTAGAATAATTGTTTTGGGGACGTTAATAGCTTA
TAAGCAT

3760

scaffold184330

136

1.00E-04

AAACAAAGTTTTTTTTAATTATGTAAAATAATATCAATTATT
AGAATACACATGCCACTAAAAATGATAGAATGTAAAATTGA
CATTGAAATTTGACTTTCACCATAATGATATTATTGTTAAAC
AAAATAAGTAT

3767

C5549604

79

6.00E-04

TGAACTATAAGAATTAATATT--
TTATGTTTAAAATGTCCAAATTATTTAAATGTGATATCGAC
GGTTTATTTGCTTCT

3901

scaffold101370

115

0.001

CTTTATGATTTTATGAGTTAATAATGACCAATTAAAATGAT
GTTTTATATACTTTTTGGTGGCTTTGTGATTAACTTTTTTTA
CGATTCATTGATTTGTTTATCAATAACTTTTT

3902

scaffold260348

100

1.00E-05

ATATCAGCATGGTTATATACTAGACATGTATCAGCATGGTT
ATATACTAGACGTATATCAGCATGGTTATATACTAGACATG
CATCAGCATGGTTATAGA

4125

scaffold423358

80

4.00E-03

ATTTTGCTCA-
ACAATTTTTATTTAAAATAAAGTTTTATATTTTTCTATGTTTA
AAACATTGTTTTATATTTTTTTTGTT

4426

scaffold21646

58

2.00E-04

GAAGATGGACGCACATTGAGCGACTACAACATCCAGAAG
GAGTCTACCCTGCATCTTG

4683

scaffold212053

79

4.00E-04

AAACCCAGGATGAGGCGGGCCTCGAGGTGCACCAATTCT
TCCCACTCGTGAAAGTGAATTGCTCGCCGTATTT-ACGTT

4948

scaffold227887

68

7.00E-03

GGCGTAGGCGGGCGCGGGTGTGGCGTGCGTGACGCGC
GCTGTCGTCACCAGACCAGTG-GCTTTACCT

4958

scaffold387673

52

5.00E-03

GCTCTGGTTCCGGATCGGGATCTGGATCAGGATCTGGTT
CGGGATCAGGATC

5109

scaffold392066

52

0.002

CAACGACCA-
ACTTAGAAATGGTGCGGACCAGGGGAATCCGACTGTCTA
ATT

bantam

C996355

69

5.00E-05

ATTGGTTTTCATGCTGGTTTCCCAGATATTATACGAAGTTC
TGAGATCATTGTGAAAACTAATTATGTG

let-7

scaffold285706

83

1.00E-08

AGGTGAGGTAGTAGGTTGTATAGTTAGAGTTACACCACTA
TTTCAGGCGAGCTGTACAACCTTCTAGCTTTCCAGATGTC
ACA




Table 2.6 miRNAs expressed in P. lamarcki.

57

miRNA hit P. lamarcki length of e-value hairpin (RNAfold)
scaffold hit (bp)
1983 scaffold327473 130 5.00E-08
1285 scaffold330682 76 1.00E-03
&
3533 C6475418 84 5.00E-08
& -
1287 C1734625 83 1.00E-07




58

Expression analyses showed that all of these miRNAs were expressed in
P. lamarcki adult tissue (Figure 2.3; done in collaboration: see Kenny, Namigai
et al., in press; Appendix 2). In order to confirm that the miRNAs expressed in P.
lamarcki were not products of contamination, P. lamarcki genomic and
transcriptomic sequences were searched for in the human genome, as this was
the most likely source of contamination at the WTCHG (Table 2.7). There were
no sequences of significant similarity in the human genome, indicating that the
mMiRNAs found were not the result of human DNA contamination. In the case of
miR-3533, genomic and transcriptomic sequences hit actin genes. However this
particular miRNA is found within an actin-coding region in chicken and cow (see
Kenny, Namigai et al., in press; Appendix 2), suggesting that this is a real

characteristic of this miRNA.

W B5S IRNA mir 1285 mir 1287 mir 1983  mir 3533
e - Ll . + - -

e

Figure 2.3 miRNA expression in P. lamarcki. 5S ribosomal RNA (rRNA) is a
positive control, “+” indicates with reverse transcriptase enzyme, “-“ indicates
negative control without reverse transcriptase enzyme.

Table 2.7 Contamination check for miRNAs studied for expression in P.
lamarcki.

blastn (genome) against blastn (transcriptome)
mirna scaffold human genome against human genome
no significant similarity
miR-1285 scaffold330682 found no significant similarity found
no significant similarity
miR-1287 C1734625 found no significant similarity found
no significant similarity
miR-1983 scaffold327473 found no significant similarity found
miR-3533 C6475418 hits actin hits actin
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MiRNAS retrievable but there are caveats

mMiRNAs were recovered that were found in other lophotrochozoan
genomes, miR-1983 and miR-3533, which served as a positive control for the
presence of lophotrochozoan miRNAs (Figure 2.3). Interestingly, miRNAs that
were previously thought to be vertebrate-specific were found to be present and
expressed in P. lamarcki, such as those presented here: miR-1285 and miR-

1287. These will be further discussed below.
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Discussion

Genome size

The Animal Genome Size Database (www.genomesize.com) predicts a
genome size of 1.2-1.5 Gbp for P. lamarcki and the genome size we have (1.25
Gbp) falls within this range. When compared to other annelid genomes, the P.
lamarcki genome is of an intermediate size, as annelid genome sizes vary
drastically. For example, the polychaete Dinophilus gyrociliatus genome is very
small at 0.07pg (Soldi et al., 1994) or 0.068 Gbp (at 0.978 Gbp/pg) and the
aquatic oligochaete Spirosperma ferox genome is very large at 7.64pg (Gregory
and Hebert, 2002) or 7.47 Gbp (at 0.978 Gbp/pg). In comparison to other
lophotrochozoan genome sequences, the P. lamarcki genome is nearly 4 times
larger than the two other annelid genomes sequenced so far (Table 2.8). It is
possible that the larger size of the P. lamarcki genome is correlated with the
presence of repetitive regions in the genome, as seems to be the case at least

for the Pinctada fuctata genome (Takeuchi et al., 2012).
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Table 2.8 Summary statistics for select animal genomes. Statistics were taken
from NCBI; Aparicio et al., 2002; Consortium, 2001, 2004, 2009, 2006, 2008,
2007; Dehal et al., 2002; Simakov et al., 2013; Takeuchi et al., 2012; Zhang et
al., 2012. In cases where there were multiple assemblies, the median value
reported at NCBI or the published value was selected. In some cases there are
small inconsistencies between sources (usually over-estimation), however
these were not rigorously corrected for the purpose of this discussion.

Superphylum Phylum Species genome N50 (bp) GC content
size (Gbp) (%)
Lophotrochozoa Mollusca Lottia gigantea 0.348 1,870,000 33
(mollusc)
Crassostrea gigas 0.559 19,400 35.3
(mollusc)
Pinctada fuctata 1.15 1,600 34
(mollusc)
Annelida Helobdella robusta 0.288 306,000 33
(annelid)
Capitella teleta 0.324 190,000 40
(annelid)
Pomatoceros 1.25 1,939 27.97
lamarcki (annelid,
this thesis)
Ecdysozoa Nematoida Caenorhabditis 0.097 17,493,829 34
elegans (roundworm)
Panarthropoda Drosophila 0.18 21,485,538 41.93
melanogaster (fly)
Tribolium castaneum 1.52 43,511 33
(beetle)
Apis mellifera 1.8 45,688 34.1
(honeybee)
Deuterostomia Vertebrata Mus musculus (mouse) | 2.66 32,273,079 41.94
Gallus gallus (chicken) | 1.05 279,750 41.93
Homo sapiens 3.23 56,413,054 38
(human)
Takifugu rupribes 0.365 52,883 45.84
(pufferfish)
Urochordata Ciona intestinalis (sea 0.160 37,096 36.06
squirt)
Echinodermata Stronylocentrotus 0.814 16,785 35
purpuratus (sea urchin)

Genome size becomes important when calculating genome coverage.
Genome coverage is calculated by taking the total number of bases sequenced
and dividing this by the genome size, and is a metric that estimates how much
of the genome has been covered by sequencing. This metric is one of the
primary statistics used when ascertaining the quality of a sequenced genome,
yet it changes as assemblies are improved due to changes to estimates of
genome size. For example, the genome of the nematode Trichinella spiralis was

thought to be 270Mb in size, but upon sequencing is now thought to be
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approximately 65Mb (Parra et al., 2009), which would have a large effect on

subsequent genome coverage estimates.

Genome quality assessment parameters

Aside from genome coverage, another popular metric is the N50 statistic,
where the N50 estimates the contiguity of the genome. The N50 is the length of
contig for which half of the genome is assembled in contigs that are of that
length or longer. The low N50 of the P. lamarcki genome indicates that
assembly did not achieve long contigs, which means that the assembly is not
very contiguous and may not be fully representative of the genome. This
problem is not an isolated case: the lack of long contigs has been a constant
underlying problem in de novo genome assemblies. The N50 metric is among a
number of parameters that are based on contig size, and the heavy
dependence on the N50 for quality assessment has been drawn into question
(Earl et al., 2011). The N50 only indicates how continuously the genome was
assembled, which can be correlated with assembly quality but is not a direct
readout of assembly quality. For example, in some cases, the presence of
longer contigs may indicate that contigs are being forced together erroneously
during assembly. Despite these potential shortfalls, the N50 metric has been
largely successful in predicting the success of genome assembly (Table 2.8).
The N50 for P. lamarcki is low in comparison to other Lophotrochozoa, and
indeed most other animals for which a “good” genome has been sequenced
(Table 2.8). Interestingly, a genome with a similarly low N50 value, P. fuctata

(pearl oyster), has a similarly fragmented genome (further addressed in the next
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section). It is possible that inaccuracy increases when sequencing efforts are de
novo with no reference genome for mapping and a lack of multiple sequencing

efforts.

The N50 metric is not necessarily the ideal metric to assess genome
quality, and does not inform on the completeness of the complement of genes
in the sequenced part of the genome. To assess completeness of the genome,
a CEGMA (Core Eukaryotic Genes Mapping Approach; Parra et al., 2007)
analysis was done (in Kenny, Namigai et al., in press; Appendix 2), where the
genome assembly was evaluated against a compilation of core eukaryotic
proteins. The P. lamarcki genome is abnormally incomplete using this method,
with only 2.42% (6/248) complete sequences and 12.50% (31/248) partial
sequences found in the genome. This very low completeness of the P. lamarcki
genome is a doubtful result, as the full complement of TGF-beta pathway
members had been found in the genome (see Kenny, Namigai et al., 2014;
Appendix 3). A BUSCO analysis (Benchmarking Universal Single-Copy
Orthologs; Siméao et al., 2015), a newer analysis that improves upon CEGMA,
was done in order to confirm the CEGMA results. This yields a similar result,
with 5% recovery against the P. lamarcki genome where of 843 metazoan
orthologues, 12 complete, 0 duplicated, 27 fragmented, and 804 missing genes

are reported.

It would seem that the CEGMA and BUSCO analyses reflect the low
contiguity already reported by the N50 statistic and not the coverage of >10x.
However, it could also be the case that the short contig length has inhibited the
programs from detecting orthologous sequences in the genome. To see which

was the case, the list of orthologous sequences used in BUSCO analyses were
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directly searched for in the P. lamarcki genome using tBLASTn (Altschul et al.,
1990). This markedly improved the statistics, where 84.1% (709/843) of the
genes are found in the genome (although this is now an overestimation as there
are false positives such as proteins with shared domains). In addition, alignment
with previously published transcriptome data for P. lamarcki (Kenny and
Shimeld, 2012) using the STAR alignment program (Dobin et al., 2013)
indicates that 33.66% of the RNA-seq reads map to the genome (see Kenny,
Namigai et al., in press; Appendix 2). Although still low, these alternative
analyses indicate that it is likely low contiguity that has confounded the N50,
CEGMA, and BUSCO metrics, and that more of the genome has been

successfully recovered than these metrics would suggest.

The problem of metric readout has been approached independently
using a variety of methods. For example, in the P. fuctata genome, which also
has a low N50, the N50 itself became less of a focus. Instead, gene models
were built using the gene prediction program AUGUSTUS (Stanke and
Morgenstern, 2005) with previously compiled EST (expressed sequence tag)
data, which yielded a 70% coincidence between the gene models constructed
and the EST sequences (Takeuchi et al., 2012). Although this is not yet an
urgent problem, and is not a major problem for genomes that are backed with
multiple and deep sequencing efforts, this becomes important for the increasing
number of de novo assemblies, where there is usually no reference genome
available for mapping and where gap-containing scaffolds may erroneously
report incomplete genome assemblies when they are just fragmented and

actually more complete than appreciated.
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Polymorphism in animal genomes

The aforementioned low contiguity of the P. lamarcki genome, as
reflected by the low N50 number, indicates that there are relatively few long
contigs that were successfully assembled. This suggests that the genome is
highly fragmented, which in turn likely causes the difficulty in using the CEGMA
and BUSCO pipelines. The fragmented state of the genome also suggests that
there may be a high level of polymorphism in the P. lamarcki genome. This has
been encountered before in other marine animals. For example, the P. fuctata
genome exhibits allelic polymorphism, where there appears a double peak in a
plot of coverage against contig length (Takeuchi et al., 2012). This is
reminiscent of results in the P. lamarcki genome, where a plot of k-mer
distribution against coverage has a double peak (Figure 2.4). This indicates that

the genome is highly heterozygous (Kajitani et al., 2014).

Spirobranchus lamarcki
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Figure 2.4 21-mer fragment k-mer distribution of P. lamarcki genome
sequencing (done in collaboration: see Kenny, Namigai et al., in press;
Appendix 2).
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Allelic polymorphism is also seen in a more distantly-related marine
animal, the urochordate Ciona intestinalis, where allelic polymorphism was also
observed in the form of single-nucleotide polymorphisms (SNPs), insertions,
and deletions distributed non-uniformly in the genome (Dehal et al., 2002) and
the cephalochordate Branchiostoma floridae (amphioxus/lancelet) (Putham et
al., 2008). The level of polymorphism in these genomes is considered high, as
in most of these cases precautions had been taken to minimize polymorphism
by taking sperm from a single individual (as was done for P. lamarcki), which
minimizes the reflection of maternal and paternal haplotypes. These animals
are united by a common mode of fertilization, where fertilization takes place
externally with sperm and egg being released freely. The large effective
population size that results from this method of breeding has been suggested to
account for the high level of allelic variation in these animals (Romiguier et al.,
2014). While there is no way to functionally confirm this, observations do seem

to support this theory.

AT-rich genomes and their significance in bilateral animals

The P. lamarcki genome is AT-rich, and among the animals sequenced
so far, has the lowest GC content, and the highest AT content, that has been
seen. As previously mentioned, this is probably partly an effect of using Illlumina
sequencing, where GC bias is known to confound read mapping. However,
despite low coverage of the genome, it is possible that the GC content
information is relevant as has been seen in the low coverage genomes of two

bird species (Card et al., 2014). Low GC content, and consequently high AT
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content, has been seen in other organisms to varying degrees (Table 2.8).
There are many theories as to what low or high GC content can signify, and
genome studies have largely mentioned possibilities such as GC fixation bias
(Katzman et al., 2011), an association with mutation rates of CpG islands
(Fryxell and Moon, 2005), a correlation between low GC content (high AT) and
longer chromosomes (Consortium, 2004), and the association of GC-rich
characteristics of intron-exon structures in a number of deuterostome species
(Zhu et al., 2009). In addition, genomes have been thought to undergo GC-
biased gene conversion, where there is a bias during DNA repair that prefers G
and C over A and T in regions with high recombination (Eyre-Walker, 1993).
The significance of GC content has been best studied in mammalian genomes,

where it has been correlated with chromosome length (Romiguier et al., 2010).

Notably, all of these studies seek to understand a trend of increasing GC
content in genomes. Most likely, all of these proposals are relevant to some
degree, yet this indirectly implies that GC poor, or AT-rich, genomes do not
undergo the aforementioned mechanisms, or to a lesser degree. It is possible
that the above mechanisms that have been proposed to explain high GC
content may be more relaxed or not functioning to the same degree in GC-poor,
or AT-rich, genomes such as P. lamarcki. For example, there could be less
DNA repair that is GC-biased in AT-rich animals. Alternatively, it is possible that
all previous considerations of GC content has focused too much on
understanding how GC can be increased, where perhaps more attention should
be given to the trend of decreasing AT content. The latter is very possible and
merits investigation. Disentangling the functional role of high GC or high AT

content would require understanding how this bias is distributed across the
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genome, and to understand how they could be functioning. Previous GC
content studies have concentrated on animals with moderate to high GC
content, and the study of a GC poor, or AT-rich, genome has the potential to

further inform on conjectures made for GC evolution.

P. lamarcki miRNAs

Despite the abundant problems with assembly and assessment, miRNAs
were successfully curated from the P. lamarcki genome. Among the miRNAs
assessed were ones that, prior to this study, were thought to be vertebrate-
specific (for a full discussion of these, see Kenny, Namigai et al., in press;
Appendix 2). As the discovery of the latter miRNAs in the P. lamarcki genome
was unexpected, especially given the use of miRNAs in phylogenetic
reconstruction, expression analyses were done and confirmed both the
expression of mMiIRNAs shared with other lophotrochozoans (miR-1983 and miR-
3533), and the expression of miRNAs that were thought to be vertebrate-
specific (miR-1285 and miR-1287) (Brameier, 2010; Meunier et al., 2013;
Strozzi et al., 2009). The presence of miRNAs that had previously been thought
to be lineage-specific to other lineages indicates that there is wider conservation,

or an abnormal degree of convergent evolution, of miRNAs in animal genomes.

MiRNAS in animal development

The presence of unexpected miRNAs could have multiple meanings in

relation to animal development, as miRNAs have been found to participate in or
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have at least some relation to almost every important developmental process
studied so far. Taking an example that is relevant for the next chapter, miRNAs
participate in the process of gastrulation, more specifically in mesendoderm
formation, where miR430/427/302 promote mesendoderm formation and
supress neuroectoderm formation (Rosa et al., 2009). This is achieved through
species-specific targeting of TGF-beta signalling components, where these
mMiRNAs target the ligands Nodal and Lefty (such as in zebrafish), or just Lefty
(as in human embryonic stem cells), or Lefty and a subset of Nodal orthologues
(as in the frog Xenopus) (Ilvey and Srivastava, 2015). The promiscuity of miRNA
function seems widespread even with the use of a common pathway. Perhaps
mMiRNAs introduce variability and diversity in common mechanisms of
differentiation across animals, functioning as an instigator of variation in a
process reminiscent of developmental systems drift. From a genomic
perspective, this makes it interesting to see whether there are miRNA binding
sites in the 3’ region of conserved genes, and to see the degree of variability in
mMiRNA control of key developmental processes, and their functional
significance. This would involve both looking at miRNA binding sites in the 3’
region of genes, testing targets of known miRNAs, and to test the function of

these genes with miRNA knockdown.

mMiRNAs for inferring phylogeny

miRNAs undoubtedly contain information that can be valuable for
phylogenetic inferences, however it is more likely that they will inform on the

evolution of transcriptional control of development rather than in phylogenetic
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reconstruction. This is confirmed by this thesis, where both expected and
unexpected miRNAs were found, including those that are likely synapomorphies
of annelids and molluscs, and those that were thought to be vertebrate-specific
and are likely homoplasies. The unexpected miRNAs found in the P. lamarcki
genome warn caution in using miRNAs to infer phylogeny, as it remains a
possibility that there could be prevalent loss of miIRNAs across the animal
phylogeny contrary to previous suggestions, or that they could evolve
convergently (for further discussion see Kenny, Namigai et al., in press;
Appendix 2). Which of these two options is the case is not clear, but it does
reveal that we do not know enough about the presence or absence of miRNAs
in animals to be able justify using them for phylogenetic reconstruction. A
cataloguing of miRNA presence and absence needs to be done in a wider
range of animals first, in order to understand how miRNAs may have evolved,
and later reevaluate how sound it is to use these as phylogenetic markers. It is
becoming increasingly possible to survey lesser-known animals in this way, as
this thesis has shown that despite the draft quality of this genome, it can still be

viable for miRNA analyses and can raise some important biological issues.

Future directions

Three main issues are raised through this molecular resource: genome
quality and depth of sequencing, GC content and high heterozygosity or
polymorphism, and the capture of developmentally relevant information in the

form of small RNA sequences.
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To reiterate, it is apparent that this draft genome, while sufficient, can be
improved. A higher quality genome would allow us to better compare our data
with other sequenced genomes in the Lophotrochozoa (Simakov et al., 2012),
such as the recently published annelid genomes (H. robusta and C. teleta) and
would allow us to gain an ever-broader understanding of genome evolution. |
am sure that more questions (and answers) will emerge as genome sequencing
and assembly technologies continue to improve. With the fast pace of
technological advancement, it is probable that the P. lamarcki genome can be
improved by more and deeper sequencing efforts, and a more honed assembly
strategy that builds upon what has been observed in this thesis. However, the
current genome is sufficient for the purposes of this thesis and the pursuit of a

higher quality genome will be left to others.

The GC-poor and AT-rich characteristic of the genome, in addition to the
high levels of heterozygous content, are likely real aspects that need further
investigation. The AT/GC balance has been considered in other studies as
potential key players in genome evolution, yet we still do not have a good
understanding of what it may mean functionally. A deeper sequencing effort
could be used to look at areas of GC-rich and GC-poor areas to ascertain
whether there are tractable and biologically relevant areas of concentrated GC
or AT-rich areas. The high level of polymorphism is also worth analyzing, both
qualitatively and quantitatively, in conjunction with whether this is the result of
highly repetitive regions. This would help disentangle to what extent the
statistics observed at the moment are effects of the sequencing and assembly

techniques, and to what extent these are real aspects of the genome.
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The miRNA case study warns that more studies are needed to
understand the diversity of miRNAs and the diversity of mechanisms by which
they function before using them to infer phylogeny. Despite this, these data also
show that biologically relevant information is retrievable despite the relatively
low quality of the genome, opening the door to using this resource to address

other questions, as in the following chapter on Nodal signalling.
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Chapter 3

Nodal signalling in annelid development

Introduction

The Nodal pathway is a signalling pathway within the TGF-beta
superfamily, a diverse superfamily whose members function in a myriad of
developmental contexts (Massagué, 2012, and references therein). Nodal has
been the pathway most associated with LR asymmetry establishment, and there
is a great deal of evidence that its function and expression are conserved in
establishing left-right (LR) asymmetry in deuterostomes. In this chapter, | will
present evidence that Nodal is present and expressed in the polychaete annelid

P. lamarcki. Whether this expression is asymmetric is discussed.

Pathways are usually named for a conserved ligand. The Nodal pathway
acts in early development to propagate LR asymmetry through a specific suite
of antagonists, receptors and transcription factors. For a brief overview of the
Nodal pathway, | will take a vertebrate perspective. The ligand Nodal is
expressed around the node and in the left lateral plate mesoderm (LPM), and
repressed in the right LPM by Lefty2, a feedback inhibitor of Nodal. Leftyl
functions in a similar feedback loop with Nodal, and serves to establish the
midline barrier in the embryo, segregating the signals of the left LPM from the
right LPM. The Nodal signal is transmitted when Nodal binds to an EGF-CFC
protein factor (thought to be Cryptic; Yan et al., 1999), to form a complex that
then transduces the Nodal signal by binding to TGF-beta pathway receptors: a
type 1 receptor Alk4/5/7, and a type 2 receptor ActRlIla or ActRIlb (Hamada et

al., 2002; Schier and Shen, 2000). These receptors are also known as TGF-
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beta receptor 1, and TGF-beta receptor 2. This signal is then transduced
through the transcription factors Smad2/3, Smad4, and further transmitted
through Pitx2, a downstream homeobox transcription factor. Pitx2 regulates
other downstream components to mediate asymmetry.

The Nodal-Lefty1/2 feedback loop is far from the only possible interaction
in the Nodal pathway. In addition to a suite of other antagonists (such as DAN,
Chordin, Gremlin, and BAMBI, among others; Walsh et al., 2010), Nodal is a
signalling molecule of the diverse TGF-beta superfamily, sharing receptors and
antagonists with the BMP, Activin, and TGF-beta subfamilies. For example,
Nodal and other TGF-beta superfamily ligands have been found to complement

each other by sharing receptors (Schier, 2003).

Surprisingly, the Lophotrochozoa seems to have been missed in large
studies of the TGF-beta superfamily: the evolution of the TGF-beta superfamily
has been studied in great detail in the deuterostomes (Massague, 2012) and
the Ecdysozoa (Ozuak et al., 2014; Van der Zee et al., 2008), and has been
combined with data from earlier branches of the animal tree of life (Adamska et
al., 2007; Herpin et al., 2004; Huminiecki et al., 2009; Matus et al., 2006a) to
draw insights on the ancestral condition of this pathway in the animal kingdom.
In the following, | will present data that has been published in collaboration,
where my focus was on the BMP ligands and TGF-beta/BMP family receptors
(Figure 3.1). Data on other components of the TGF-beta superfamily were
processed primarily by others, where the interesting aspects of promiscuity and
crosstalk within the TGF-beta superfamily are further addressed (see Kenny,
Namigai et al., 2014; Appendix 3). | have studied the presence of BMP ligands

and TGF-beta/BMP family receptors in addition to the expression of Nodal and
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the downstream effector pitx in the annelid P. lamarcki in order to ascertain to

what extent Nodal signalling is conserved in the Lophotrochozoa.

TGF-BETA PATHWAY BMP PATHWAY

Nodal BMP2/4 (Dpp)
Vg1 (UNIVIN/GDF1/3) BMP5/6/7/8 (Gbb/Scw)
Activin/Inhibin BMP3 (GDF10)
Myostatin ‘ > BMP 9/10 (GDF 5/6/7)
Lefty/Antivin ADMP
TGF-beta BMP15 (GDF9)
ALP $ l Maverick (GDF2)

Activin R2 ALK 4/5/7 ALK 1/2/3/6 BMP R2

TGF-beta R2 TGF-beta R1 Activin R1 Wishful Thinking

Punt Baboon BMP R1

Tkv/Sax EXTRACELLULAR MATRIX

a Q CYTOSOL
|
P]

Transcriptional regulation

Figure 3.1 The TGF-beta superfamily pathway. The pathway is subdivided into
the TGF-beta and BMP pathways. “P” represents phosphorylation, “R” in the
names of receptors stands for receptor. Note: the categorization of ligands as
functioning through the TGF-beta or BMP pathways does not necessarily
correlate with their classification as TGF-beta or BMP ligands.
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Methods

Gene candidate extraction

Ligands and receptors were initially identified by Blast2GO as a starting
point (Conesa et al., 2005) and confirmed by blasting the sequences to the nr
database (NCBI, National Center for Biotechnology Information). Ligands and
receptors were also identified by tBLASTn (Altschul et al., 1990) using
orthologous sequences against the genome, and confirmed by blasting the
sequences to the nr database in NCBI. Sequences were translated into six
frames using EMBOSS Transeq (Goujon et al., 2010; Rice et al., 2000) and
trimmed down to the TGF-beta domain using SMART (Simple Modular
Architecture Research Tool; Schutz et al., 1998; Letunic et al., 2014) to locate
the domains. Phylogenetic trees were constructed by aligning these trimmed
sequences with known TGF-beta sequences from a variety of species using
MAFFT (version 6, Katoh et al., 2002). In cases where there were multiple
fragments of a gene, these were aligned separately using MAFFT and
visualized using BioEdit to observe whether this was due to assembly of the
same gene to different scaffolds, or whether this indicated that there were two
separate genes. MAFFT alignments were saved as FASTA files using BioEdit,
which were used for the construction of Maximum Likelihood (ML) trees. ML
trees were constructed using MEGAG6 (Tamura et al., 2013) using the WAG
model (Whelan and Goldman, 2001) with 1,000 bootstrap replicates and all
other default settings. ML trees were directly exported from MEGAG6 as a PDF
file and annotated in Inkscape (http://inkscape.org). In the case of Bayesian
trees, MAFFT alignments were converted to nexus format using ALTER (Glez-

Pefa et al., 2010). Bayesian trees were constructed using MrBayes 3.1
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(Huelsenbeck and Ronquist, 2001) and after initial testing of various fixed amino
acid models at 30,000 generations to test for best fit to the data, the WAG
model was chosen (Whelan and Goldman, 2001). For Bayesian analyses, the
mcmc (Monte Carlo Markov Chain) search was run for 1,000,000 generations
with a burn-in of 25%, where the first 25% of the trees were discarded as burn-
in, and all other parameters were left as default. Trees were sampled every
1,000 generations. Final trees were exported in the “simple” format and
“allcompat” type, saved in Dendroscope (Huson and Scornavacca, 2012; Huson

et al., 2007) as a PDF file, and annotated in Inkscape (http://inkscape.org).

RNA isolation

In order to amplify and clone cDNA from P. lamarcki larvae for in situ
probe synthesis, RNA was isolated from P. lamarcki trochophores. Larvae were
homogenized with an RNase-free polypropylene pellet pestle. TRIzol reagent
was used to isolate the RNA and RNA was extracted with chloroform (to
separate RNA from DNA and proteins). The RNA-containing aqueous layer was
recovered by precipitation with isopropanol. The resulting RNA pellet was
washed with 75% ethanol/DEPC water (0.1% diethylpyrocarbonate), air-dried,
and resuspended in DEPC water. In order to ensure the removal of DNA from
the isolated RNA sample, PROMEGA RQ1 RNase-Free DNase (Promega) was
used according to the manufacturer’s instructions. RNA was once again
precipitated with isopropanol. RNA purification was completed by rinsing the

pellet with 75% ethanol and dissolving the resulting pellet in DEPC water.
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Concentration was measured using the “ThermoScientific NanoDrop 2000”

spectrophotometer.

cDNA synthesis

One microgram of the isolated RNA was converted to cDNA using the
First Strand cDNA Synthesis Kit (Fermentas) according to the manufacturer’s
instructions. This synthesizes cDNA from an RNA template using a genetically
engineered Moloney Murine Leukemia Virus (M-MuLV) reverse transcriptase.
The oligo(dT) primer supplied selectively anneals to the poly(A) tail of mMRNA,
allowing the targeted synthesis of cDNA from mRNA rather than other forms of

RNA.

Primer design

Primers for Nodal and pitx were designed using the Primer3 program, v.

0.4.0 (http://frodo.wi.mit.edu, Table 3.1).

Table 3.1 Nodal and pitx primers.

gene product size [forward primer reverse primer
(bp)
Nodal 1778 JACGCGGGATGTACAATGCTA TCTCGAATGCCATAAGTCTTGC

pitx 900 CGGCGAAGAAGGACACACTT GGGATATCACCCACGCTGAC
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Polymerase chain reaction (PCR).

The Promega GoTag® PCR Core System | was used according to the
manufacturer’s instructions to amplify gene sequences using the designed
primers. The PCR reaction was performed in a thermal cycler with the following
setting: initial hold for 2 minutes at 94°C to melt template cDNA followed by 40
cycles of the following thermal conditions: 30s at 94°C, 30s at 55° C, 1 min. at
72 °C. Final extension was performed for 5 minutes at 72°C. The PCR product
was analyzed by gel electrophoresis (1.5% agarose, 120V, 30 min.) and
visualized with UV transillumination at a wavelength of 360nm. The
corresponding band was excised and extracted using the Qiagen© MinElute

Extraction Kit according to the manufacturer’s instructions.

Cloning and sequencing

The amplified cDNA was cloned into pCR™|I-TOPO® vectors (Promega)
using TOPO® TA Cloning Kit for Sequencing according to the manufacturer’s
instructions and transformed into One Shot® TOP10 chemically competent
Escherichia coli. A single transformed colony was cultured overnight in LB broth
and ampicillin and plasmids were purified using the Qiagen QIAprep Spin
Miniprep Kit according to the manufacturer’s instructions. Cloned DNA
sequences were confirmed through sequencing using the ABI PRISM® 3100
Genetic Analyzer according to the manufacturer’s instructions and these

sequences were confirmed by BLAST analysis.
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RNA probe synthesis

For RNA probe synthesis, the specific sequence was amplified from
extracted plasmid DNA by PCR using M13 forward and reverse primers, which
flank outside of the T7 and Sp6 promoters on the cloning vector. The resulting
PCR product was gel purified and resuspended in DEPC water. This PCR
product served as a DNA template during probe synthesis, where 0.5ug of
cleaned PCR product was added to a 50pl reaction (1X DIG RNA labeling mix
(Roche), 1X transcription buffer, 10mM DTT (dithiothreitol), RNase inhibitor
(Roche) and T7 or Sp6 polymerase), in order to generate sense (negative
control) and antisense probes for each gene sequence. The reaction was
incubated for 2.5 hours at 37°C and terminated with a final concentration of
0.1M EDTA (ethylenediaminetetraacetic). Synthesized probes were precipitated
with 1/10 volume 8M LiCl and ¥ volume EtOH, overnight at -20°C. Following
centrifugation, the pellet was rinsed twice with 75% EtOH, air-dried, and
dissolved in 50ul DEPC water. The probes were stored at -80°C until use for in

situ hybridization.

Fixation

Animals were fixed as previously in the lab (McDougall et al., 2006).
Embryos were stepped into ethanol (EtOH) and fixed in 4% paraformaldehyde
(PFA) in MOPS overnight at 4°C. Animals were then stored in methanol

(MeOH) at -20°C until use for in situ hybridization.
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in situ hybridization

Animals were stepped into PBTw (1 X PBS: 0.137M NacCl, 0.0027M KCl,
0.0101M NazHPO,, 0.0018M KH,PO4; 0.1% Tween20) on ice, treated with a
4ug/ml Proteinase K dilution for 5 mins at room temperature (RT), and post-
fixed in 4% PFA/MOPS at RT for 45 mins. Animals were washed thrice in PBTw,
and transferred to pre-heated P. lamarcki hybridization buffer (5X SSC, 5mM
EDTA, 50% deionised formamide, 100ug/ml heparin, 0.1% Tween20, 1X
Dendhartts, 100ug/ml total yeast RNA) for 3 hours at 65°C. Probes (at 15ng
Nodal and 7.5ng pitx) were denatured at 65°C in hybridization buffer for 10 mins.
Embryos were incubated in probe at 65°C for a minimum of 14 hours. Probe
was removed from embryos and washed with pre-warmed wash buffer (Washes
each with 50% deionised formamide, 0.1% Tween20, and 4x, 2x,0or 1x SSC
respectively) at 65°C, twice with 4x wash for 10 mins, twice with 2x wash for 10
mins, twice with 1x wash for 10 mins, three times with 1x SSC, 0.1% Tween20
at RT for 20 mins, and twice in PBTw for 5 mins. PBTw was replaced with 1%
block (Roche blocking reagent in maleic acid buffer) and incubated at 4°C for 2
hours. A 1:3000 dilution of AP DIG antibody (Roche) was incubated in block on
ice for 2 hours. The block on the embryos was replaced with the antibody and
incubated at 4°C for a minimum of 14 hours. Embryos were washed four times
with PBTw for 15 mins, thrice with 1x APT (0.1M Tris-HCI pH 9.5, 0.1M NacCl,
0.05M MgCl,, 0.1% Tween20). Embryos were incubated in staining solution
(50mg/ml NBT-BCIP/APT) and developed at RT. Development was stopped
with two washes in PBTw and postfixed in 4% PFA/MOPS overnight at 4°C.
Embryos were stepped into MeOH, and stored in 80% glycerol at 4°C or imaged

immediately in 80% glycerol.
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Results

Gene candidate identification

As a first look at the BMP ligands and TGF-beta/BMP receptors present
in the P. lamarcki genome, a general BLAST2GO analysis was done (Table 3.2).
This analysis recovered six ligands and two receptors. As BLAST2GO is a
crude search drawn from the BLAST server, there is no guarantee that the hit
sequence is an accurate identifier for these genes. These were therefore further

confirmed by blasting against the nr database (NCBI).

Table 3.2 BLAST2GO results for TGF-beta components in the P. lamarcki
genome.

scaffold BLAST2GO hit Ie_ngth of n_umber of | e-value

C4403861 tgf-beta family member nodal 237 ggs 1.12e-19
C7358414 bone morphogenetic protein type 1b 664 20 8.51e-23
scaffold319832 tgf-beta receptor type-1 1385 20 1.43e-17
scaffold389827 bone morphogenetic protein 2 2348 20 4.07e-70
scaffold424608 tgf-beta family member nodal 1210 20 6.79e-13
scaffold555394 vang-like protein 2 2203 20 2.12e-99
scaffold589783 bone morphogenetic protein receptor type-1b 2211 20 9.73e-28
caffold596940 bone morphogenetic protein receptor type-la 1004 20 7.36e-24

In addition to BLAST2GO, orthologous sequences of BMP ligands and
TGF-beta/BMP receptors from other species were used to directly search
against the genome and transcriptome by a translated nucleotide query (Table

3.3), and further confirmed by back-blasting this against the nr database (NCBI).
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Table 3.3 Scaffolds for BMP ligands and TGF-beta/BMP receptors. Activin
receptors were found in collaboration (see Kenny, Namigai et al., 2014;

Appendix 3).
ligand/receptor genome scaffold transcriptome scaffold
BMP ligands BMP2/4 scaffold389827_14.6 Locus_25644 Transcript_1/1_Confidence
_1.000_Length_573
BMP3 C5521992_14.0 Locus_22445_Transcript_1/2_Confidence
_1.000_Length_348
BMP5/8 scaffold483029_12.8 Locus_15041_Transcript_2/4_Confidence
_0.524_Length_202
Maverick/GDF2 scaffold43629 14.6 Locus_14800_Transcript_3/3_Confidence
_0.667_Length_2784
NODAL scaffold424608 13.6, Locus_2416_Transcript_2/2_Confidence_

C4403861 13.0

1.000_Length_2772

Vg1/UNIVIN/GDF1/3

scaffold578407 16.9

Locus_48251_Transcript_1/1_Confidence
_1.000_Length_103

TGF-BETA ACTIVIN RECEPTOR | none transcriptome
receptors 1
ACTIVIN RECEPTOR | none transcriptome

2

BMP RECEPTOR 1

scaffold589783 15.1,
scaffold596940 15.0,
C7358414 18.0

Locus_9656_Transcript_1/1_Confidence_
1.000_Length_2178

BMP RECEPTOR 2

C4477237_17.0

Locus_98399_Transcript_1/1_Confidence
_1.000_Length_118

TGF-BETA
RECEPTOR 1

scaffold319832_7.5

transcriptome

The recovered sequences from both the BLAST2GO analysis and the

BLAST results against the genome were translated into protein sequences. The

protein sequences were used to search for protein domains (Table 3.4) to find

both the correct open reading frame (ORF) and to further confirm that the

sequences held conserved TGF-beta domains.

Sequences were trimmed to the portion of the scaffold containing the

correct ORF. These trimmed sequences were then used to make alignments

(Figure 3.2) and subsequently used for the construction of phylogenetic trees.




Table 3.4 Sequences of BMP ligands and TGF-beta/BMP receptors. Protein
domains are highlighted in pink in the “domain sequence” column.
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gene domain sequence SMART domain (highlighted region)
BMP BMP2/4 ETIKGAELRLFRRKANDSFQNLQSN TGF-beta peptide
ligands QEYLEMHSSINKAHRIDIYEIIKPSTPT
QESITRLIDTRFLKDLSKSKWETFDIH
PAVHRWRNSPKSNFGLEVHFTDMK
RNKPHLKHVRLRRSTDNSLDSEWNS
EQPLLITYSDDGKGETPRRKRRQ
BMP3 TGF-beta peptide
BMP5/8 GWVDFNITQVTAEWLARSADSLRFVI | TGF-beta peptide
TIFDSNGLKVKPEHIGIDATQRYEGT
RAFMVAFFRAAPLKTQLRQRRSASEI
PGLADTQPSDEEYEDESDELEEDEL
QFRKPPKHLDFHSRTRRQVTKDDQT
NEAEVQNDSPKRGKKKIDKTTQSAD
NPRRIIQKSTSGRRN
MAVERICK/G | IDSIVEDTQPVLEVYTQEQNILRREKR | TGF-beta peptide
DF2 AVDPYDCTQGDGETR|
NODAL TGF-beta peptide
Vg1/UNIVIN/G | LIPTTYFSFTLYSFLFLYIVLSGNDKDS | TGF-beta peptide
DF1/3 GMGFIADHRLWDLPIGEAEIVLPQVV
MASNVESEIFYQLCSSEVCLVDSSYL
TTADGFSSLNITRTIKTLIEGKENITHI
HIHFNASGYVNAKNGGATCVIHTAPK
SFYFSMASPNPVKLRIRRQKEDNSA
GNTGQTGGCMWNHWRFR!
TGF-BETA | ACTIVIN S_TKc domain
receptors RECEPTOR 1 Serine/Threonine protein kinase
catalytic domain
ACTIVIN TKMSANSRLSRILGEIMNCSLVIFILT S_TKc domain
RECEPTOR 2 | GMTLTNSSPAYEASKQLECMYHNHT | Serine/Threonine protein kinase

CGKDKNCPPTQKCAIPEPGKNVYCH
SSWYNDSETGIQFLTQGCWIDNSGD
CKDRFECVMDKPAQPGVDANHPDF
YYCCCEGDFCNEKVEYKPIYVSSSP
APVEPTGPMVITSGSTNALLRTALYSI
VPLVGIAIVILMFWMYRRHKSAYHES
LPNADQTPVSEVAPSTPLLHHHYM

catalytic domain
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HQIMPSLNTPRTPGGHHG
GHISHLDTSDSSGGSTSDLEQPLHV
VIGHKPNHLAGPDDSSNLDTVQTPLS
SSTVTSTGQYNKPTSVVLTMPNIVTP
RRTVGDTSSSSDDNNEFIVSRPLSTE
RRIHHNTHVPPHRLDVTSPMNTEVA
SHSSVTSPIGHDDVTTRLLPSSTETS
HDDHDVASVKRESHHVPEVHVLTMS
AAGMRNELMNKESNVS

BMP
RECEPTOR 1

S_TKc domain
Serine/Threonine protein kinase
catalytic domain

BMP
RECEPTOR 2

STYKc domain
protein kinase
possible dual-specificity Ser/Thr/Tyr kinase

TGF-BETA
RECEPTOR 1

IILINLFLIYCITNISNGLKCRCEPACQN
TNHTCETDGVCFSALSRTDEHATPR
RIYRCVDQDKLLPPENPLFCQSTSPN
VYKLAIGCCRDYDFCNNDLNLTLLSP
PKDPMVAKMNEGFFETLDAPKLVILI
VGPICVLTILFLSALLIRHKYKIDRGPP
AYQRPDPEIQSLMTPGSAQTLREML
DDCTNTGSGSGLPLLVQRTIARQ)

QGMINQEDIKI

S_TKc domain
Serine/Threonine protein kinase
catalytic domain

BMP ligands in P. lamarcki

BMP ligands are present in P. lamarcki (Figure 3.3, Figure 3.4, and Table

3.5), namely BMP2/4, BMP3, BMP5/8, Nodal, and Maverick. In the case of Vg1,

the identity of the sequence becomes questionable due to its position in the tree,

and the suffix —like has been added in this case. BMP10 and ADMP are missing

in P. lamarcki, but given that they are present in all other lophotrochozoan

genomes, it is likely that the fragmented condition of the genome means that

some information such as this was lost in sequencing and assembly. Adenita
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vaga sequences were included to show that they do not group with other BMP

ligands (further discussed in Kenny, Namigai et al., 2014; Appendix 3). The

distantly-related GDNF (glial cell line-derived neurotrophic factor) group was

used as an outgroup (Saarma, 2000).

a
Pomatoceros_lamarcki_BMP2/4 L.E .P - FY-BP -
Pomatoceros_lamarcki 8BMP3 === HEM- - - - - - - = - - - S -
Pomatoceros_lamarcki_BMP5/8 TERES - -FP-LS -
Pomatoceros_lamarcki_Maverick/GDF2 DN P -HA-YK -
Pomatoceros_lamarcki_Nodal GEKES - - 1P -1G -
Pomatoceros_lamarcki_Vg1/Univin/GDF1-3-lke VIBVIT - -LDVLE -
1 I mMlaT xv.T VHSV
B N T GTVS SLKS VQAV
SH=-============ === MiaAT VSLM
---------------------- LGH AIMHYI
WD - === ===« «-- THe T s@EiMrRLN
EN- - - -« =« « =« - MSS FLRETYKDA
NRQMAIA-------- TE. .D.AM F1-leEnE
GIHGN----- - - DTM-ATQSIY I -BHNE
RPRAV-------- NH.SV YL-Blons
NADAA- - - - - - - - A SR PLTL HK -BJIEH G
DK-KV-------- T K YY--EGE
SSSDN lQLV.D fliMam Fv-inoc

KVVLR-NY--QD
NIVYK-NY--RN
NVILR-KF--HN
KLKVT-NY--vVD
EIVVR-HH--EG
-LSVK-RM--AE

Pomatoceros_lamarcki_TGFBreceptorl
Pomatoceros_lamarcki_BMPreceptorl
Pomatoceros_lamarcki_BMPreceptor2
Pomatoceros_lamarcki_Activinreceptorl
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A

NNG - TCclCllA
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£
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Figure 3.2 Specimen alignment of the conserved protein domain region of (A)
BMP ligands and (B) TGF-

beta/BMP receptors.
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Figure 3.3 ML tree of BMP ligands, based on the WAG model (Whelan and
Goldman, 2001). Initial trees constructed by Neighbor-Joining to a matrix of
pairwise distances estimated using a JTT model. The tree with the highest log
likelihood (-4640.5836) is shown, which involved 84 amino acid sequences.
Gaps and missing data were eliminated for a total of 49 positions in the final
dataset. Scale bar indicates number of nucleotide substitutions per site, with

numbers on branches dependent on branch length.
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Figure 3.4 Bayesian tree of BMP ligands. Trees were built using the WAG
model (Whelan and Goldman, 2001). A Monte Carlo Markov Chain search was
run for 1,000,000 generations with 25% burn-in. Scale bar indicates nucleotide
substitutions per site, with numbers on branches dependent on branch length.
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TGF-beta/BMP receptors in P. lamarcki

Three Type 1 and two Type 2 TGF-beta/BMP receptors are found in P.
lamarcki (Figure 3.5, Figure 3.6, Table 3.5). These serine/threonine kinase
receptors are typically conserved in this ratio, and function by dimerization of
Type 1 and Type 2 receptors. Deuterostomes have a higher diversity of
receptors, as somewhat reflected in the small sampling of deuterostomes in
these trees. Although there were low bootstrap values for the ML trees (Figure
3.5), these were evaluated alongside the Bayesian trees where the posterior
probability values were high enough to confidently assign receptors to these

groupings (Figure 3.6).

Table 3.5 Presence/absence of BMP ligands and TGF-beta/BMP receptors in P.

lamarcki.

Family/Pathway Ligand/Receptor present/absent

BMP ligands Nodal present
BMP2/4 (Dpp) present
BMP5/6/7/8 (Gbb/Scw) present
BMP3 (GDF10) present
ADMP absent
Maverick (GDF2) present
BMP9/10 (GDF5/6/7) absent
BMP15 (GDF9) absent
Vgl (Univin,GDF1/3) present

Type 1 receptor (TGF-beta TGF-beta R1 (ALK 4/5/7, present

pathway) Baboon)

Type 1 receptor (BMP Activin R1 (ALK 1/2/3/6, present

pathway) Tkv/Sax)

Type 1 receptor (BMP BMP R1 (ALK 1/2/3/6, present

pathway) Tkv/Sax)

Type 2 receptor (TGF-beta Activin R2 (TGF-beta R2, present

pathway) Punt)

Type 2 receptor (TGF-beta BMP R2 (Wishful Thinking) present

pathway)




90

63 — Lottia gigantea Activin Receptor 1 53518

_Q‘[E Patella vulgata Activin Receptor 1

Crassostrea gigas Activin Receptor 1 CAC85263.1
Capitella teleta Activin Receptor 1 109715
L Pomatoceros lamarcki Activin_Receptor_1] ACTIVIN
Mus musculus Acvric ALK-7 AAI45225.1 RECEPTOR 1
Drosophila melanogaster Saxophone AAF59189.1
Mus musculus Activin Receptor 1 NP031420.2
Branchiostoma floridae Activin Receptor Type 1 XP002598018.1
Mus musculus ALK-1 Q61288.2
Capitella teleta TGF beta Receptor 1 227433
98 | Lottia gigantea TGF beta Receptor 1 180706
Patella vulgata TGF beta Receptor 1
Crassostrea gigas TGF beta Receptor 1 CAD66433.1 TGF-BETA
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Figure 3.5 ML tree of TGF-beta/BMP receptors, based on the WAG model
(Whelan and Goldman, 2001). Initial trees constructed by Neighbor-Joining to a
matrix of pairwise distances estimated using a JTT model. The tree with the
highest log likelihood (-1953.4744) is shown, which involved 61 amino acid
sequences. Gaps and missing data were eliminated for a total of 44 positions in
the final dataset. Scale bar indicates number of nucleotide substitutions per site,

with numbers on branches dependent on branch length.
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Figure 3.6 Bayesian tree of TGF-beta/BMP receptors. Trees were built using
the WAG model (Whelan and Goldman, 2001). A Monte Carlo Markov Chain
search was run for 1,000,000 generations with 25% burn-in. Scale bar indicates
nucleotide substitutions per site, with numbers on branches dependent on
branch length.
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Nodal expression pattern

Nodal expression was examined by in situ hybridization at stages
spanning from blastula to trochophore (blastula, gastrula, trochophore). Specific
expression was only seen at the trochophore stage, and not earlier at the
blastula and gastrula stage. This lack of earlier expression may be real,
however it is more likely that this is the result of faults in the protocol as at these
stages there was a mixture of complete lack of staining and complete
overstaining with the anti-sense probe. Nodal is expressed at the trochophore
stage in the gut that leads from the stomach to the mouth, and at a
concentrated spot just below the stomach, underneath the prototroch area
(Figure 3.7). The concentrated spot of expression is likely the mesodermal
primordium, which then goes on to form increasingly determined mesodermal

tissue.

pitx expression pattern

Similar to Nodal expression, pitx expression was examined from blastula
to trochophore, but expression was only seen at the trochophore stage. Again,
this is likely the result of a faulty protocol at these stages, as either no stain or
overstaining was observed with the anti-sense probe. Pitx is expressed over a
broader area than Nodal, with a similar expression pattern seen along the gut
from the stomach to the mouth (Figure 3.8). Taking the mouth as ventral, pitx
expression is expanded relative to Nodal expression on the opposite side of the

mouth (presumably the dorsal side). Unlike Nodal expression, pitx expression
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spans the AP axis. Whether this is dorsal expression or sided expression is

difficult to tell without a midline marker in these trochophores.
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Figure 3.7 (A-C) control sense probe expression with (B) highlighted anatomy
and (C) caricature of general anatomy; (D-F) Nodal mRNA expression, side
view with (E) highlighted anatomy and (F) caricature of general anatomy; (G-I)
Nodal mRNA expression, dorsal view with (H) highlighted anatomy and (1)
caricature of general anatomy. Stomach (st), mouth (m) and anus (a). Black
arrowhead indicates concentrated spot of Nodal expression below the
prototroch. In caricatures, structures drawn with dotted lines and axes labelled
in italics indicate that the structure and axis are going into the page along the z-
axis. Scale bar is 20pum.
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Figure 3.8 (A-C) control sense probe expression with (B) highlighted anatomy
and (C) caricature of general anatomy; (D-F) pitx mMRNA expression, side view
with (E) highlighted anatomy and (F) caricature of general anatomy; (G-I) pitx
MRNA expression, dorsal view with (H) highlighted anatomy and (I) caricature
of general anatomy. Stomach (st), mouth (m) and anus (a). Black arrowhead
indicates concentrated spot of Nodal expression below the prototroch. In
caricatures, structures drawn with dotted lines and axes labelled in italics
indicate that the structure and axis are going into the page along the z-axis.
Scale bar is 20pum.
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Discussion

Nodal signaling in bilateral animals

Here, we present the first evidence that Nodal and pitx are present and
expressed in annelids. Combined with data from molluscs, brachiopods, and
rotifers, this supports the conservation of Nodal and pitx in the Lophotrochozoa.
Typically, the most parsimonious explanation for the evolution of Nodal
signalling is to look at the conservation of Nodal and pitx in lophotrochozoans
and deuterostomes, and to suggest that these components were derived from
the last common ancestor of bilaterians, with ecdysozoans undergoing a
lineage-specific loss in that superphylum. However, the situation is not as clear-
cut as it may seem, and there are key differences in the conservation of the
presence of Nodal, its expression, and its function in animal development. The
significance of each of these aspects will be addressed below, beginning with a
discussion of the other components that constitute the TGF-beta superfamily

and following with a discussion of Nodal signalling in particular.

TGF-beta receptors

TGF-beta receptors are conserved in P. lamarcki, where the expected
number is three Type 1 receptors and two Type 2 receptors. These function
when Type 1 and Type 2 receptors heterodimerize and are specific to either the
TGF-beta pathway or the BMP pathway (Figure 3.1), where TGF-beta receptor
1 and Activin receptor 2 dimerize in the TGF-beta pathway, and BMP receptor 1

and BMP receptor 2 dimerize in the BMP pathway (Massagué, 1998). The
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multiple distinct names for the same receptor are not for biological reasons, but
because they were independently discovered and named by different groups at
different times, resulting in unnecessary confusion. The presence of both Type
1 and Type 2 receptors is conserved across animals with small differences in
ratios (Table 3.6). For example, in insects there are usually three Type 1
receptors and two Type 2 receptors. Small differences include animals such as
the oyster Crassostrea gigas, where there are three Type 1 receptors and one
Type 2 receptor (Herpin et al., 2005). In humans and other vertebrates, there is
a larger diversity of receptors, most likely due to the genome duplication that is
thought to have occurred in vertebrates. Invertebrate deuterostomes also have
a slightly higher number of receptors, although this is thought to be an
independent duplication event (Huminiecki et al., 2009). Members of
Diploblastica (non-Bilateria) such as sponges and ctenophores also have TGF-
beta receptors (Huminiecki et al., 2009; Pang et al., 2011, Srivastava et al.,
2010). The conservation of core components of the TGF-beta pathway across
animals has marked this pathway as an ancient one. There has been
considerable diversification both in the number of components and in their
functions across animals (Huminiecki et al., 2009). The recovery of five
receptors in P. lamarcki is similar to that of other Lophotrochozoans, confirming
the approximate number observed in this Superphylum and the strong

conservation of TGF-beta receptors in animals.
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Table 3.6 Presence and absence of TGF-beta superfamily components in a
selection of animals (from Kenny, Namigai et al., 2014).

: %
% s % ] s References:
Homo sapiens 33 8 13 1 2 1 0 1 2 1 2 1 3 1 3 2 |Huminiecki et al 2009
5 Ciona intestinalis 10 5 7 1 1 1 0 0 1 0 0 1 1 0 1 1 |Hino et al 2003/Huminiecki et ai 2009
£ |Strongylocentrotus purpuratus | 14 4 6 1 1 0 1 1 1 1 0 1 3 0 2 1 |Lapraz et al 2006
. |Drosophila melanogaster 7 4 5 1 0 0 0 1 0 0 0 3 2 0 1 1 |van der Zee et al 2008
2 |Apis mellifera 7 4 5 1 0 0 0 0 0 1 0 1 1 1 1 1 |van der Zee et al 2008
% Tribolium castaneum 8 4 5 1 0 0 0 1 1 1 0 1 1 1 1 1| van der Zee et al 2008
Caenorhabditis elegans 5 7 3 0 0 0 0 0 1 0 0 0 1 0 1 0 | Savage-Dunn 2005, Huminiecki et al 2009
Capitella teleta 16 4 5 0 1 1 1 1 1 0 0 1 2 1 1 1
Pomatoceros lamarckii 9 4 5 0 0 1 1 1 1 0 0 1 1 1 1 1
E Lottia gigantea 10 4 5 1 1 1 1 1 1 0 0 1 1 1 1 1
g |Patella vuigata 12 4 5 1 0 1 1 1 1 0 0 1 1 1 1 1
E Brachionus plicatilis 4 4 3 0 0 0 0 0 0 0 0 0 0 0 1 0
" [Adenita vaga 10* | 10 8 0 [i] 0 0 2 0 0 0 0 0 0 2 0 |Fiot et al 2013
Schistosoma mansoni 2 5 5 0 0 1 2 1 0 0 0 0 1 0 1 0
A 6 4 6 1 0 1 1 1 1 1 0 ] 1 0 1 0 jecki et al 2009, Saina and Technau 2009
£ [Mnemiopsis leidyi 9 5 4 0 0 0 0 0 0 0 0 0 1 0 1 1 |Pang et ai 2011
s Trichoplax adherens 5 4 4 0 1 1 0 1 0 1 0 [] 0 0 1 1 |Huminiecki et al 2009

TGF-beta signal transducers

SMAD proteins transduce extracellular signals to intracellular signals,
and communicate TGF-beta signalling within the cell. This is primarily done by
three receptor-regulated SMADs (R-SMADs), SMAD2/3 and SMAD1/5/8, and
SMADA4, with a fourth SMAD, SMADG6/7, being an inhibitory SMAD that recruits
ubiqutin ligases intracellularly. These four SMADs are the canonical SMADs
that function in TGF-beta signalling, and the diversity of these proteins is highly
conserved across animals. As SMADs transduce a diversity of signals, it is
thought that the pleiotropic effect that would result if one SMAD was lost
prevents loss from occurring as often in this family of proteins. P. lamarcki has
all four SMADs normally found in animals, lending support to the strong

conservations seen in other animals (Table 3.6).
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TGF-beta ligand regulators

Aside from the inhibitory SMADG6/7, there are a number of other inhibitors
of TGF-beta signalling that function as inhibitors at different levels of the
signalling pathway. Inhibitors Noggin, Noggin-like, Follistatin, Twisted
gastrulation (Tsg) and Gremlin function to inhibit TGF-beta and BMP signals
and are all present in P. lamarcki. More specifically, Noggin and Noggin-like
bind to primarily BMP ligands, Follistatin binds to TGF-beta ligands, and Tsg
binds to BMP ligands in addition to some postulated functions in promoting
BMP signalling (see Kenny, Namigai et al., 2014). Gremlin falls within the Dan
family, which also has a diversity of names in other organisms such as Cerl,
Coco, and Cerberus. Dan itself is not found in P. lamarcki or in other
Lophotrochozoa, however Gremlin is present and is thought to function by
sequestering BMP2/4 as proposed by studies in the leech H. robusta (Kuo and
Weisblat, 2011). It is not clear what this could mean for the evolution of these
inhibitory elements, however it seems that Gremlins are more conserved than

Dan or Dante across animals (Table 3.6).

Tolloid, BAMBI, NOMO, and SMURF are all present in P. lamarcki, and
differ from the aforementioned inhibitors in the way that they function. Tolloids
do not function as inhibitors and rather release ligands from inhibitory regulators
by cleaving the inhibitory regulator and releasing the ligand. BAMBI (BMP and
activin membrane-bound inhibitor) is a pseudoreceptor that competes with Type
2 receptors, NOMO (Nodal Modulator) inhibits Nodal and activin signalling by
forming a transmembrane complex at the endoplasmic reticulum, and SMURFs
(SMAD specific E3 ubiquitin protein ligase) target R-SMADs for degradation.

The fact that P. lamarcki has all of these regulators further supports the
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conservation of the TGF-beta signalling components. Perhaps the most
interesting of these is the presence of NOMO, and its function in regulating
mesendoderm formation in zebrafish (Haffner et al., 2004). The fact that this is
present in P. lamarcki becomes interesting in light of the lack of another Nodal
inhibitor, Lefty. This will be addressed in a more detailed discussion of Lefty

further below.

TGF-beta and BMP ligands

The majority of the TGF-beta and BMP ligands are present in P. lamarcki,
with the exception of ALP, TGF-beta, Lefty/Antivin for TGF-beta ligands, and
ADMP, BMP9/10 or GDF5/6/7, and GDF9 or BMP15 for BMP ligands. ALP is
thus far ecdysozoan-specific, and TGF-beta and Lefty are deuterostome-
specific. There have been reports of a homologue of TGF-beta in ctenophores
(Pang et al., 2011), however the support for this is not strong. ADMP is also
missing in human, fly, rotifer, and ctenophore although found in molluscs and C.
teleta. BMP9/10 or GDF5/6/7 is also missing in sea urchin, fly, rotifer, and
ctenophore although found in molluscs and C. teleta. It could be that ADMP and
BMP9/10 or GDF5/6/7 were just not recovered in the P. lamarcki genome or

transcriptome, or that these two ligands were independently lost in P. lamarcki.
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Table 3.7 Presence and absence of TGF-beta and BMP ligands in a selection
of animals (from Kenny, Namigai et al., 2014).
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The presence of Nodal signalling components in animals

The one area where there is arguably the least controversy is that Nodal
and pitx are present in most bilateral animals studied so far, with the exception
of ecdysozoans and Platyhelminthes. The presence of Nodal has even been
described outside of bilateral animals to include the cnidarian Hydra
magnipapillata (Watanabe et al., 2014). Pitx is also conserved to even a higher
degree than Nodal, where this downstream effector is present even in animals
that lack Nodal. Although evidence needs to be gathered from more early-
branching animals, and functional data is needed from cnidarians to solidify this,
this evidence suggests that the Nodal-pitx coupling is possibly an ancient one

found even in animals outside of the Bilateria.

The story differs from the canonical Nodal pathway when considering

other components of the Nodal pathway, notably the Chordin, Chordin-like, Dan,
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and Dante family of inhibitors. Lefty is missing in the lophotrochozoan animals
studied so far (Kenny, Namigai et al., 2014; Appendix 3). Lefty is a key
antagonist of Nodal signalling that functions as a feedback inhibitor of Nodal in
deuterostomes, and is a member of the TGF-beta family of ligands. Lefty, Nodal,
and Pitx2 are thought to be the three main components of the Nodal pathway
that are conserved in both mesendoderm specification and LR asymmetry
establishment in vertebrates (Schier, 2009). With Lefty missing in the
Lophotrochozoa, this suggests that Lefty is a deuterostome innovation and begs
to question how lophotrochozoans achieve sided expression of Nodal without
this key antagonist. A possibility is that a different TGF-beta family ligand has
been co-opted as an antagonist to Nodal. A search for potential candidates
could be complicated, as the TGF-beta superfamily functions through a complex
combination of pathway crosstalk in different developmental contexts. It also
remains a possibility that Lefty is present yet has just not been recovered
successfully in the genomes studied thus far. However, this is unlikely given the

large number of genomes that have been studied.

While these are both possibilities, it is more likely that a different
mechanism altogether has evolved in the absence of Lefty. The
activation/inhibition feedback loop of Nodal and Lefty is a reaction-diffusion
mechanism (Schier, 2009), where there are gradients of ligand expression
across large distances that compartmentalize activity of a certain ligand to a
certain space in the embryo. From an embryological standpoint, vertebrate
embryos have asymmetric Nodal expression across the midline, where there
are already sheets of cells in place and across which morphogen gradients can

plausibly travel. In the Lophotrochozoa, however, there are usually far fewer
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cells (hundreds rather than thousands) to be considered during the time that
Nodal is expressed asymmetrically (at least in molluscs and brachiopods), and
it is possible that rather than a gradient mechanism that is less efficient in this
smaller context, a different molecular mechanism, such as a short-range

signalling mechanism, has been used.

Nodal expression in annelids and molluscs

The data gathered in this thesis suggest that Nodal and pitx are not
expressed asymmetrically in P. lamarcki. This is initially troubling, as both the
presence of Nodal and its expression are conserved in other lophotrochozoan
animals studied so far. The evidence presented here is far from solid, as
expression was only seen at one developmental time point, and Nodal
expression was not seen at other stages where you would expect it to be (such
as earlier at the gastrula stage when the mesoderm is gradually specified). It is
also very possible that the stages considered here do not include the stage
where Nodal is asymmetrically expressed, and that it has just been missed in
these analyses, or that in fact the stage considered here (trochophore) is too
late to see the first instance of asymmetric expression as organs are already
formed at this stage and expression may be associated with the functions of the
organs themselves rather than asymmetry establishment. In addition, pitx is
known to have different isoforms that have different expression patterns in frog
and mouse (Schweickert et al., 2000), an aspect that was not studied here in P.
lamarcki but may explain the lack of asymmetric expression if only one isoform

of many was studied here. Finally, in the absence of a good midline marker it is
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difficult to ascertain whether expression is symmetric or asymmetric in these
animals, especially given the coiled innards of the trochophore larva. If Nodal
expression is truly not asymmetric in annelids, this would need to be studied in
other polychaetes to see whether this lack of asymmetric expression is a

common characteristic of polychaetes.

If we believe the lack of asymmetric Nodal expression, and take it to
mean that the function of Nodal to establish LR asymmetry is not conserved in
this polychaete, this could have multiple meanings. For example, it is possible
that there was a loss of function of the Nodal ligand, and that a different
pathway was co-opted to function in establishing LR asymmetry. As Nodal is
known to function both in mesendoderm specification and LR asymmetry
establishment in vertebrates, and in other tissues in a range of other animals
(Figure 3.9), the expression pattern we see here could reflect a conserved

function in mesendoderm specification, but a loss of function in LR specification.

Loss of Nodal function in LR asymmetry establishment would be
especially interesting when considering the presence and absence of regulators
of Nodal signalling, such as Lefty and NOMO, namely that NOMO is present in
P. lamarcki, but that Lefty is missing. As NOMO functions in mesendoderm
specification but no evidence has emerged that it functions in LR asymmetry
establishment, it is possible that the loss of Lefty allowed a loss of Nodal
function in LR asymmetry, but that the conservation of NOMO retained Nodal
function in mesendoderm specification. This is somewhat supported by the
discovery of NOMO in the ctenophore C. leidyi despite the absence of a Nodal

homolog (Pang et al., 2011).
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Despite being highly conserved, there are many variants of the spiral cleavage

program

Spiral cleavage is a highly conserved mode of cleavage in the
Lophotrochozoa (see Chapter 4), yet there are differences in key molecular
mechanisms. For example, there is a shift in timing of MAPK (mitogen-activated
protein kinase) signalling activation, a marker of DV axis specification, between
molluscs and annelids, where it is activated in the 3D macromere in molluscs
and in the 4d micromere in annelids (Henry and Perry, 2008; Koop et al., 2007;
Lambert and Nagy, 2003, 2001). In some cases MAPK does not seem involved
in DV axis specification, such as in the polychaete annelid C. teleta (Amiel et al.,
2013). Given the divergence in both timing and function of what was considered
a conserved molecular mechanism, it is possible that a similar divergence has
taken place in the highly conserved role of Nodal signalling in LR asymmetry

establishment.

An important distinction is that most protostome Nodal expression
studies have been done in gastropod molluscs, which have a distinct mode of
developing a very different morphological asymmetry to annelids. In gastropod
molluscs, the process of torsion takes place during the development of the adult
(and shell), which annelids do not undergo. In addition, the shell is asymmetric
by chirality rather than sidedness. It is possible that the inherent differences
between molluscs and annelids in the developmental process of generating
asymmetry, and the asymmetry itself, contribute to the employment of different

pathways in asymmetry establishment.
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Development and the evolution of Nodal signalling

Taking a step back, there are notable differences between the way in
which bilateral animals develop, and this is reflected in the different tissues in
which Nodal is expressed in different animals (Figure 3.9). Even within
deuterostomes, there are differences despite the conserved molecular feedback
loop between Nodal and Lefty. A recent study in H. magnipapillata proposes
that beta-catenin functions upstream of the Nodal-pitx cascade in cnidarians,
and that this linearity may be conserved in bilateral animals (Watanabe et al.,
2014). Although this has not been rigorously tested yet across animals, it brings
up the possibility that the presence of Nodal and pitx is very ancient, and that
subsequent elaboration on this cascade has taken place in certain lineages. For
example, Lefty has taken on a role in deuterostomes to sequester Nodal
expression to one side, Nodal has been lost and pitx has taken on a function in
neural development in the Ecdysozoa, and Nodal-pitx function in the
Lophotrochozoa to establish LR asymmetry through an as yet unknown

upstream mechanism (Figure 3.9).

Deuterostomes first exhibit symmetric Nodal expression prior to
asymmetric Nodal expression with the function of the antagonist Lefty. In
contrast, molluscs begin with asymmetric Nodal expression from the start and
do not have Lefty at all. In this way, Lefty, and the way that this pathway
functions, can be thought of as specific to deuterostomes, and the
Lophotrochozoa has likely independently evolved a different mechanism to
establish LR asymmetry using the same molecular machinery (Grande et al.,

2014). Given that LR asymmetry establishment mechanisms vary considerably
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across the bilaterian Superphyla, and indeed even within individual Phyla, this is

a likely scenario.

Future directions

The presence of Nodal supports the conservation of Nodal in the
Lophotrochozoa, however the lack of sided expression of Nodal and pitx in P.
lamarcki raises more questions than it answers. There are a number of
experiments that need to be done to understand whether this expression is
consistent through all stages, with three main aspects that should be studied

moving forward.

It would be important to understand whether Nodal still functions in LR
asymmetry establishment, and whether the connectivity to pitx is also
maintained. The latter is interesting, as this coupling is hypothesized to be
ancient and conserved. These would most easily be tested with a drug that
inhibits Nodal function to see whether sided operculum formation takes place
upon inhibition, and whether pitx expression is affected by Nodal inhibition. If so,
this would mean that Nodal still functions in LR asymmetry establishment
despite a lack of a sided expression pattern, and that its connectivity to pitx is

still present in P. lamarcki.

If the former is not true, and that Nodal does not function in LR
asymmetry in P. lamarcki, It would then be interesting to consider why this loss

of function may have occurred. An option is to look at regulators of Nodal, such
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as NOMO, and see what this Nodal modulator is doing in the absence of a

function in LR asymmetry establishment.

It would be best to eliminate torsion as a confounding factor in
understanding the relationship between Nodal, chirality, and sidedness. This
would require a mollusc species that does not develop a shell in the wild but
has directional asymmetry in a similar examination of the presence, expression,
and function of Nodal. The aim for this experiment would be to see whether the
process of torsion, by which the chiral shell develops in molluscs, is what is
employing Nodal rather than primarily as a pathway to establish asymmetry. If a
shell-less mollusc that does not form a shell gland and does not undergo torsion
has asymmetric expression of Nodal, this would indicate that Nodal signalling is
not directly correlated with shell formation. Determining whether there are other
LR asymmetries in these animals would also be essential and potentially
difficult if the asymmetry is purely molecular and not morphological. If a shell-
less mollusc does not have asymmetric Nodal expression, this would suggest
that asymmetric Nodal expression may be tightly linked with the presence of a
shell gland and the formation of a shell. If that is the case, such a study would
be strengthened by a parallel analysis of chiral and non-chiral shells to see
whether asymmetric Nodal expression is linked not only to shell formation, but
also the development of chirality in shells. If asymmetric Nodal expression is
linked to shell formation, this makes it likely that Nodal function in LR
asymmetry is not conserved across deuterostomes and lophotrochozoans, but
that Nodal signalling was independently co-opted by molluscs for the

development of a chiral shell.
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Chapter 4

Cytoplasmic flow in dextral and sinistral spiralians

Abstract

Spiralian development is a conserved mode of cleavage found in many
species of the Lophotrochozoa such as molluscs, annelids, and flatworms. Cell
fates are specified early in this mode of development, and symmetry breaking
has been linked to the direction of spindle orientation at the 8-cell stage.
Recently there has been a resurgence of interest in chirality within the embryo
to understand symmetry breaking. However, this has predominantly been
studied in model organisms such as mouse and C. elegans, where cortical flow
is chiral. We have studied cytoplasmic flow in two species within the
Lophotrochozoa, an annelid and a mollusc. We have analyzed the inner cell
dynamics of an equal-cleaving annelid and mollusc at stages prior to the 8-cell
stage, and have found that cytoplasmic flow at early cleavage stages correlate
with cell division stages, and that this is in part linked to the actin and
microtubule cytoskeleton. These results suggest that cytoplasmic flow is not a
main player in polarity establishment, and supports cortical flow as a more likely

candidate.
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Introduction

The early cell divisions of the animal embryo are remarkably conserved
across animal phyla, and in some cases have been used as a defining
characteristic for subdividing Phyla within the animal kingdom. A key example is
the spiral development of the majority of the members of the Lophotrochozoa,
which has recently been rechristened the Spiralia (with some controversy; Paps
et al. 2009; Giribet 2002; Edgecombe et al. 2011), and consists of a wide range
of animals such as annelids, platyhelminthes, nemerteans, and molluscs
(Costello and Henley, 1976). Recently, there has been a resurgence of interest
in the dynamics of early cleavage in animal development, accompanied by an
interest in mechanisms of symmetry breaking in the establishment of the left-
right (LR) axis (Ajduk et al., 2014; Naganathan et al., 2014; Schonegg et al.,
2014). Most studies have been done in model organisms such as
Caenorhabditis elegans where the anterior-posterior (AP) and dorsal-ventral
(DV) axes are established by the 4-cell stage through a combination of spatial
constraints and spindle orientation, (Pohl and Bao, 2010; Pohl, 2011; Schonegg
et al., 2014). However, this ecdysozoan does not undergo classical spiral
cleavage, and most spiral cleavage studies in lophotrochozoans have focused
on the 8-cell stage and later. Recent advances have made technigues
increasingly available to organisms that had previously been hampered by the
lack of generic technologies and resources, rendering it feasible to study this in

non-model species.
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Symmetry breaking in spiralian development

Symmetry breaking is an unsolved problem in developmental biology. In
spiralian development, the establishment of the LR axis has been connected
with the spiral arrangement of blastomeres at the 8-cell stage where sinistrality
and dextrality, determined by the angle of spindle orientation at the embryonic
stage, is correlated with that of the adult shell in molluscs (Freeman and
Lundelius, 1982; Kuroda et al., 2009; Shibazaki et al., 2004). This correlation
has exciting implications in that it forms an unprecedented connection between
developmentally distant stages. The standing model holds that the spiralling
direction of spiral development initiates at the 4-cell to 8-cell stages. What is
often over-looked is that this is the first readily visible sign of spiralling, and not
necessarily the first event determining dextrality or sinistrality. It remains a
possibility that dextrality or sinistrality is present prior to the 8-cell stage, but we
know little concerning this in the first few cleavage stages of spiralian

development.

Spiralian development

Spiral cleavage is characterized by having a unique spiral arrangement
of blastomeres. This spiral forms at the third cleavage, where the top tier of
micromeres divides obliquely to the animal-vegetal axis (AV), and alternates
this oblique cleavage to generate a spiral arrangement of blastomeres at each
subsequent cleavage stage. However, this textbook description of spiral
development is a simplification of what is actually a process with diverse modes

of development. Rather than one stereotypical mode of spiral cleavage, there
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are three (Figure 4.1): unequal cleavage, polar lobe development, and equal
cleavage (Boyer and Henry, 1998; Child, 1899; Conklin, 1898; Costello and
Henley, 1976; Lambert, 2010; Lillie, 1895; Whitman, 1878; Wilson, 1898, 1892).
In unequal and polar lobe development, there is a clear size difference in
blastomeres by the first few cleavages, and these size differences can be
traced to specific cell fates later in development. This is not the case for equal
cleavage, where the blastomeres remain the same size throughout early

cleavage.

'
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Figure 4.1 Spiral cleavage modes (adapted from Freeman and Lundelius,
1992).
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Blastomeres of equal-cleaving spiralians are thought to be equipotent at
the 2-cell and 4-cell stages (Arnolds et al., 1983; Martindale and Henry, 1995;
Martindale et al., 1985; Morrill et al., 1973). However, there is considerable
variation across species, especially in the ability to develop normally in deletion
and cell isolation experiments, making it difficult to pinpoint exactly when
developmental fates are first specified. When considering the LR axis, which is
present by default with the establishment of the AP and DV axes, it becomes a
conundrum to regard the LR axis as established at the 8-cell stage when
presumably the DV axis may not have been established, at least in equal-
cleaving spiralians (Figure 4.2). The DV axis is specified already at the 4-cell
stage in unequal-cleaving spiralians, but is thought to be specified through cell-
cell interactions at third quartet formation (24-cell stage) in equal-cleaving
spiralians (Martindale et al., 1985) determined by the presence of MAPK
signalling (Lambert and Nagy, 2001). At cleavage stages prior to third quartet
formation, equal-cleaving spiralians develop remarkably normally upon isolation
of macromeres at the 2-cell or 4 cell stages by recapitulating normal cleavage
patterns (Morrill et al., 1973). This highlights the need for increased taxon
sampling in developmental studies of spiralians, especially in equal-cleaving
spiralians, as the use of a few reference species may be misleading in the face
of the high level of variation seen in the development and life histories of

species within the Lophotrochozoa.
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Figure 4.2 Axis specification of unequal and equal cleaving spiral embryos.
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In this study, we have categorized the early cleavage stages of two
equal-cleaving spiralians and found that there is considerably asynchrony in
Pomatoceros lamarcki early cleavage, with the addition of a viable 3-cell stage.
We also visualized and tracked cytoplasmic flow in P. lamarcki and
Biomphalaria glabrata by fluorescently labelling intracellular vesicles. We found
that flow is correlated with cell division at the 2-cell to 4-cell stages, and that
these are likely in part dependent on both the actin and microtubule
cytoskeletons in both species. Our results demonstrate that the chirality seen in
other organisms is likely cortical chirality, and that cytoplasmic chirality is likely

not the driving force of polarity establishment.
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Methods

Animals collection and spawning

P. lamarcki adults were collected from the coast of Tinside, Plymouth,
UK and maintained in recirculating sea water at approximately 12°C. P.
lamarcki spawn upon being broken out of their tubes (Figure 4.3). Animals were
spawned (as previously, McDougall et al., 2006) by breaking the end of the
calcareous tube with tongs and breaking open a hole from the posterior end
using a blunt probe. The animal was then pushed backwards out of this hole by
pushing against the operculum at the anterior end using a blunt probe. Adults
were then placed separately in filtered sea water (FSW) and allowed to exude
eggs or sperm for 20 mins. The eggs were fertilized with a drop of a mixture of

sperm from mixed males and imaged 2 hours thereafter.

B. glabrata adults were donated by Professor Rollinson (Natural History
Museum, London, UK) and maintained in shallow containers of standing bottled
water at 26°C. Natural breeding was allowed and egg masses (which are
fertilized internally) were collected at approximately hourly intervals in order to
capture necessary developmental stages (Figure 4.4). Egg masses were

developed in the same conditions as the adults.
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Figure 4.3 Spawning P. lamarcki adults. (A) Tube dwelling, (B) adult emerging
from tube, (C) female adult, (D) female exuding eggs (bottom) and male
exuding sperm (top). Scale bar approximately 1mm.
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Figure 4.4 B. glabrata (A) egg masses, (B) adult, (C) adult shell. Scale bars
approximately (A) 0.2mm and (B,C) 2mm.
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B. glabrata egg mass dissection

Eggs of B. glabrata were dissected using fine forceps to break open
individual egg capsules under a dissecting microscope. Eggs were gently
sucked out of the broken egg capsule using a glass capillary (custom-made by

pulling over a bunsen burner and breaking until opening was larger than 200

pum).

Fluorescent staining

Animals were rehydrated into PBTw, washed three times in PBTw at
room temperature (RT), and incubated in block-PBTw (2%BSA/PBTw) at 4°C
overnight. Block-PBTw was replaced with primary antibody at a 1:1000 dilution
of anti-acetylated mono-beta-tubulin (Sigma) in block-PBTw at 4°C overnight.
The primary antibody was washed off with four 20 min. washes in block-PBTw
at 4°C, and replaced with secondary antibody at a dilution of 1:800 Alexa Fluor
596 (red, Molecular Probes) in block-PBTw at 4°C overnight. The secondary
antibody was washed off with four 20 min. washes in block-PBTw at 4°C and
embryos were permeabilized in PBTw at RT for one hour. Embryos were
incubated in a 1:40 dilution of Oregon Green Phalloidin 488 (Invitrogen
Molecular Probes®) in PBTw at RT for one hour. Embryos were washed three
times in PBS at RT for 15 mins, immersed in 60% glycerol/PBS and mounted in
Vectashield with DAPI (1:1000 dilution in Vectashield). Primary antibody,

phalloidin, and DAPI were omitted for respective negative controls.
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Confocal microscopy

Confocal images were taken at a magnification of 400x using the

Olympus FV1000 Fluoview confocal microscope at RT.

Timelapse imaging

Embryos were imaged at RT under a dissecting scope using a Nikon
timelapse recorder (Nikon, Digital Sight DS-L1). See supplementary video

(Video 1) in accompanying DVD+R.

B. glabrata transgenics trials

A chicken beta-actin GFP vector (Graham et al., 2007) was used for
electroporation trials at a concentration of 0.7ug/pl using a NEPA21 CuvetteEP
with 70ul mannitol, 3.5 pul DNA and 30ul of solute/embryo. A map of the vector
is not publicly available, and would need to be requested from the authors.
Optimal parameters were converged upon with trial runs. B. glabrata embryos
were injected with 1% FastGreen and bottled water using a pulled glass
capillary connected to a mouth pipette and a 10-ml syringe prior to

electroporation.

Dechorionation and live dye trials

Embryos were trialled for dechorionation and the introduction of live dyes

with the below parameters (Table 4.1). All of these methods were done by
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500ul of sea water and embryos at specific stages. Mitotracker-stained sperm

were drawn up in a 10-ml syringe and added to a Mattek dish with embryos in

sea water under the confocal microscope while live recording to try to visualize

the sperm entry point.

Table. 4.1 Dechorionation methods and live dyes trialled for P. lamarcki

embryos.
dechorionation/live dyes | concentration | incubation time | stage
DECHORIONATION
Sucrose/NaCitrate 1:1 5, 10, 20, 30 secs., 1, 2 mins 0-2 cell
Protease 0.1% 1,2, 3,4, 5mins. 0-2 cell
Trypsin 1X 2,5, 10, 15, 20 mins 0-2 cell
Sodium Thioglycolate 2% 1,2, 3,4, 5mins. 0-2 cell
2% Sodium 1:1 1, 2, 3,4, 5mins. 0-2 cell
Thioglycolate/1% protease
20% Pluronic acid 0.1% 1 hour 0-2 cell
Pronase 1x 7 mins 0-2 cell
Pronase-trypsin 1.1 7 mins 0-2 cell
mechanical (pipetting) n/a 2 mins 0-2 cell
LIVE DYES
DRAQ5 0.001, 0.002 pl/ml 5 mins 0-2 cell
MitoTracker 50nM 5 mins sperm
TubulinTracker 0.001, 0.002 pl/ml 1 hour 0-2 cell
Calcium 0.001, 0.002 pl/ml 1 hour 0-2 cell
LysoTracker 0.001, 0.002 pl/ml 1 hour 0-2 cell
FM-64 0.001, 0.002 pl/ml 1 min 0-2 cell

Drug treatment

Embryos were treated with Nocodazole (0.2ug/ml, Sigma) and

Cytochalasin B (10ug/ml, Biochemica) at RT for five minutes and imaged in 1%

low melting point agarose (Promega, V2111) in sea water or bottled water.

Agarose was infused with Nocodazole (0.4ug/ml) or Cytochalasin B (20ug/ml)

prior to mounting.
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Vesicle staining

Embryos (2 hours post fertilization) were stained with 0.001mM
Lysotracker (Red DND-99, Molecular Probes) for 5 mins at RT and diluted into
low melting point agarose (Promega, V2111) (Figure 4.5). See supplementary
videos (P. lamarcki Videos 2-5, B. glabrata Videos 6-9) in accompanying

DVD+R.

Figure 4.5 LysoTracker-stained P. lamarcki embryos.
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In-depth methods for Lightsheet microscopy

A brief introduction to Lightsheet microscopy

The technology underlying the Lightsheet microscope was developed as
early as the early 1900’s, but was only popularized and commercialized recently
with the development of Selective/Single-plane Illumination Microscopy (SPIM)
in 2004 (Huisken et al., 2004). Since the commercialization of the Lightsheet
microscope, it became apparent that the novelty of the data produced, in
addition to the enormous size of the image files, demanded significant
innovation and troubleshooting before it could be widely used. For the past 10
years, both specimen processing and data analysis have moved forward, but
methods are still under development (Reynaud et al., 2014). This prevents the
use of this microscope from being a smooth process, and in this way is less
advantageous in comparison to well-tried microscopes such as the standard
confocal microscope. Its novelty makes it difficult to adapt to different systems.
Here, the Lightsheet has been adapted to studies of inner cell dynamics in small
marine and freshwater invertebrate embryos (60-120 um in diameter), and the
data have been analyzed for directionality of movement in individual
blastomeres at the first few cleavage stages. Below, a general overview of
Lightsheet microscopy, and the methods developed in this thesis, will be

outlined and discussed.

When analyzing live animals, there are a number of microscopes that
could be used that all come with their respective pros and cons. When it comes
to imaging very small embryos at early cleavage stages, it becomes important

to select a method that inflicts the least amount of harm to the specimen. This is
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where Lightsheet microscopy excels, and for this reason it was selected for
these experiments, which examine the inner cell dynamics of the first few

cleavage stages of spiralian embryos.

Traditional advanced microscopy depends on the general principles of
confocal microscopy. In confocal microscopy, the entire specimen is illuminated
each time, even though only a portion of this is detected through a pinhole. This
means that with each iteration, the fluorescence efficiency decreases, and the
animal is subject to harmful laser light. This makes this method phototoxic,
prone to photobleaching, and harmful to the animal. Lightsheet microscopy
circumvents these problems by illuminating a single plane of the specimen
using a sheet of light, rather than illuminating the entire specimen, and by only
illuminating the plane that is being detected. This provides intrinsic optical

sectioning.

In addition to being gentle, the sheet of light also allows faster data-
gathering, as it does not depend on detecting the illumination by scanning pixel
by pixel as in confocal microscopy, but detects fluorescence at once in the
entire sheet of light. An additional advantage is the ability to change the angle at
which the specimen is imaged. Rather than having the specimen in a flat dish or
on a slide, that can only be moved using the mounting stage, specimens in the
Lightsheet are suspended, and can be rotated to whatever angle is best for the
experiment. This also makes it possible to visualize the specimen at all angles,

although this was not done here.
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Lightsheet data collection

Data were collected on the Z.1 Lightsheet microscope (Zeiss) using a
20x detection objective and 10x illumination objectives. Embryos were
embedded in 1% low melting point agarose/sea water or bottled water and
imaged in capillaries provided with the microscope at RT for P. lamarcki and at

26°C for B. glabrata. Details of this method are detailed below.

Animal preparation for Lightsheet imaging

Animals were prepared by spawning and fertilizing in the case of P.
lamarcki. For B. glabrata, which fertilize their embryos internally, the snalil
environment was checked daily, as often as every two hours, in order to find
egg masses that had just been laid and had not undergone cleavage yet. Egg
masses were grossly indistinguishable from each other and needed to be
checked under a dissecting scope. Once embryos were fertilized, or relevant
stages found, there was a 2-hour window during which the sample was
prepared for imaging (Figure 4.6). This 2-hour window was needed to wait for
the appearance of 2-cell stage embryos (which took approximately two hours to
appear after fertilization), in order to make sure that the embryos were viable

prior to imaging.

Fertilization

or fresh egg Sample Data
mass preparation collection
discovery

Figure 4.6 Sample preparation timeline for Lightsheet imaging.
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2% low melting point agarose was prepared before the day of imaging
with the solute that the particular animal lived in (sea water or bottled water),
heated to 72°C, and allowed to cool and solidify. On the day of imaging,
previously prepared 2% agarose was melted at 72°C just after fertilization of
embryos (P. lamarcki), or upon the discovery of freshly-laid embryos (B.
glabrata) to allow ample time for the agarose to fully liquify. Metal plungers and
glass capillaries were completely submerged in sea water or bottled water to
prevent excessive capillary action from taking place, and relevant dyes or drugs

were defrosted.

At the first appearance of a 2-cell stage embryo, there is a 30-minute
window during which the specimen is fluorescently labeled, treated with any
drugs, embedded in agarose, transported to the microscope, and mounted onto
the microscope. In this case, embryos were transferred to a microfuge tube in
200 pl of the respective solute, and in the case of B. glabrata embryos were
dissected out of egg masses as detailed previously (see B. glabrata egg mass
dissection). Specimens were treated with LysoTracker by incubation for 5 mins,
during which the metal plunger and glass capillary were dried and assembled.

Drug treatment followed in the case of treatment.

Embryos and dye were diluted by half with the previously prepared 2%
low melting point agarose for a final concentration of 1% low melting point
agarose, and mixed gently. In the case of drug-treatment, this agarose was
infused with double the concentration of initial drug treatment. The agarose-
adding step is very time-dependent, as it is imperative that the agarose does
not solidify prior to drawing up the specimen. Taking the specimen to a

dissecting scope, animals were gently drawn up the glass capillary by pulling up
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the metal plunger, all while preventing bubbles from entering the capillary. This
needs to be done gently but swiftly, as the agarose gradually solidifies as it
cools. When drawing up the specimen, it is also important that they are drawn
up in single file to prevent blocking of the sheet of laser light upon illumination
under the microscope. Once the appropriate amount of agarose is drawn up the
capillary, just the end of the capillary is submerged in the respective solute to
prevent desiccation, and the capillary/embryo/plunger ensemble is transported

to the Lightsheet microscope.

Sample chamber preparation and sample mounting

Upon arrival at the microscope, the sample chamber was constructed by
assembling three platforms, the sample chamber, and three windows with
coverslips and O-rings using a screwdriver and an Allen key. The objective and
illumination lenses were mounted into the microscope by hand, and the
prepared chamber was screwed into the microscope. The sample chamber was

filled with 20-30ml of sea water or bottled water.

A separate mounting adaptor was assembled by connecting a capillary
holder, capillary adaptors, microscope adaptor, and capillary stabilizer. The
prepared sample ensemble was placed into the mounting adaptor and placed

into the microscope.
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Data collection

Following mounting of the sample, data collection was done through the
Zeiss (ZEN) software, where the sample was lowered into the sample chamber
and oriented to be coincident with the sheet of laser light and a biologically
appropriate orientation using the software. The microscope was set to relevant
timelapse and z-section parameters and images were acquired. These settings
were: exposure time 30.0ms, lightsheet thickness 3.09um, zoom dependent on
specimen, acquisition <3ms, laser 561nm at 0.2000%, approximately 70
sections. Single-side illumination was used where the sample was illuminated
from one side, causing the other side of the embryo to be less-efficiently
illuminated. In this case, only half of the embryo was imaged. This could have
been remedied by using dual-side illumination to capture the entire embryo
rather than half, however this was not done in order to reduce the file size of the
data and to make it manageable to analyze. In order to capture gross inner cell
movements, half of the embryo should give us a clue as to whether there is
directionality of movement while taking into account that circular movements of

larger circumferences will be difficult to infer.

Data analysis

The analysis of the files produced by the Lightsheet is challenging due to
the large size of the data (approximately 810GB per file), and the fact that
methods of analysis are all under development and untested. An analysis
method for vesicle tracking was created here (Figure 4.7) using open-source

resources.
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1. Format data (in Zeiss software)
adjust brightness, compile and flatten z-axis for each timepoint

\Z

2. Import, orient, and adjust brightness of video (in FlJI/Image))
200 frames at a time, average 200-800 frames per cleavage stage

\Z

3. Crop video to one region of interest (in FlJI/Imagel)
ROI = one blastomere

NZ

4. Segment images and track vesicles (in FlJI/Image)) for each blastomere
(MOSAIC Particle Tracker 2D/3D plugin)
a. set max radius and min radius of vesicle
b. set parameters for image segmentation
c. set # of frames to link when tracking
d. set max pixel displacement between frames

N/

5. Calculate bearing of each vesicle (in excel)
bearing = 90 - arctan2((y2-y1)/(x2-x1))

NZ

6. Calculate average bearing for each trajectory and plot (in R)

polar plot of angles

N7

7. Calculate percent of vesicles traveling in particular direction (in excel)

in each quadrant of each polar plot (= 1 blastomere)

N2

8. Repeat steps 2-7
for each ROI (blastomere) of each embryo in 200 frame increments

Figure 4.7 Single blastomere vesicle tracking protocol.

Vesicle tracking

Images were compiled using maximum intensity projection to flatten the
z-axis (ZEN software) into a timelapse video and saved as an AVI (Audio Video
Interleave) file, as the CZI (Carl Zeiss) file format produced by the Lightsheet is
incompatible with the processing software used. Videos were too large to be
imported directly into FIJI (Fiji Is Just ImageJ; Schindelin et al., 2012). The plug-
in BIOFORMATS (Linkert et al., 2010) was therefore used, and videos were
imported in 200 frame increments to prevent using up all of the computer RAM.

Upon importing, videos were oriented and cropped to a single region of interest
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(ROI). Each blastomere was divided into four spatial quadrants, each quadrant

corresponding to one ROI (resulting in each blastomere having four ROISs).

Vesicles were tracked in each ROI using MOSAIC Particle Tracker
2D/3D (Helmuth et al., 2010; Shivanandan et al., 2013) in 200 frame increments
(Note: the term “vesicle” and the more general term “particle” are used
interchangeably in this thesis, with the former in reference to staining and the
latter in reference to analysis methods). For P. lamarcki at a zoom of 2.5,
maximum particle radius (r) was set at 13 pixels as lysosomes are at a range of
0.1-1.2um (or 0.9257-12.093 pixels), the minimum radius (c) was set at 0.5
pixels to account for smaller vesicles at farther depths, the percentile (p) was
set at 1 where patrticles in the upper first percentile of the image intensity
distribution are accepted as a segmented particle, the number of frames (L)
used to link optimal trajectories was set at 2 (this sets how many frames can
overlap yet still maintain distinct vesicle identities, and the maximum pixel
displacement (D) between frames was set at 75. For B. glabrata at a zoom of
2.0, the above settings were: r=11, ¢=0.5, p=1, L=2, D=75, and for zoom 2.5 all

were maintained the same except for r=14.

Vesicle tracking data were used to calculate the bearing of each vesicle
in excel and saved as a CSV file using the following formula: 90- arctan2(y2 —
y1) + (x2 — x1). This formula calculates bearing (arctan?2) relative to the normal
(“90-). An R (Team, 2008) script was written to generate polar plots for all
bearings in each ROI (four for each blastomere) using the Rcpp (Eddelbuettel
and Fran, 2011), plyr (Wickham, 2011), plotrix (Lemon, 2006), and ggplot2
(Wickham, 2009) packages (Figure 4.8) and compiled to one PDF file using the

multiplot function in R.
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datal <- read.table("file.csv", header=TRUE, sep=",", na.strings="NA", dec=".", strip.white=TRUE)

#import data to R

id1 <- datal[,c(1)] #call trajectory data

anglel <- datal[,c(11)] #call angle data

angleidspatiall <- data.frame(id=id1, angle=anglel) #compile into one dataframe

write.csv(angleidspatiall, "filel.csv") #twrite to separate file

pl <- ggplot(angleidspatiall, aes(x = angle)) + #make polar plot
coord_polar(start = 0, direction=1) + #tset 0 as normal

geom_bar(width = 1, colour = "black", binwidth = 10)+
#set bar width/color
scale_x_continuous(breaks=seq(0, 360, by=30), expand=c(0,0), lim=c(0, 360)) +

#set plot to degrees

scale_size_area() + tset plot area

theme_bw() #remove default background
print(p1) #print plot to screen
dev.copy(pdf, filel.pdf') #save plot as pdf
dev.off() ttclose plot

Figure 4.8 R code to generate polar plots. Description of each script follows
with a hashtag.

Flow analysis

Particle image velocimetry (PIV) analyses were done using the PIV
plugin (Tseng et al., 2012). PIV measures the velocity of labeled particles,
termed optic flow, in subregions of an image. This is done for pairs of images
and the data are cross-correlated. During this process, the interrogation window
size (the subregions of the image) are gradually decreased, which allows for a
better PIV resolution. For P. lamarcki, two passes of PIV were done, whereas
for B. glabrata, three passes of PIV were done, both with decreasing window

sizes using the basic cross-correlation method.



132

Results

P. lamarcki embryos undergo equal cleavage and adults have directional

operculum asymmetry

P. lamarcki embryos are approximately 60 pum in diameter and undergo
equal cleavage, where all blastomeres are the same size during equal cleavage
(Segrove, 1941) (Figure 4.9). P. lamarcki adults have sided operculum
asymmetry, where the operculum is consistently found on the right side with no

adult (N=2227) displaying mirror-image symmetry (Figure 4.10, Table 4.2).

B. glabrata undergoes equal cleavage

B. glabrata embryos are approximately 120 um in diameter and undergo
equal cleavage, where all blastomeres are the same size during equal cleavage
(Camey and Verdonk, 1969) (Figure 4.11). Pigmentation is seen in the vegetal

portion of the embryo, which is likely associated with yolk in that region.
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Figure 4.9 P. lamarcki early cleavage stages visualized by DIC and DAPI
staining (DNA). Right panels show polar bodies at the 2-cell stage and an
alternate plane of focus at the 16-cell embryo. 400x magnification, scale bar 20
pm.
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Figure 4.10 P. lamarcki operculum sidedness (right side placement).
Operculum (op), branchial crown (bc), collar (c), gut (g), thoracic membrane

(tm).

Table 4.2 P. lamarcki operculum sidedness.

Operculum male female unknown
asymmetry
Side R R R
Total 519 535 1173
Grand R
Total

2227
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Figure 4.11. B. glabrata early cleavage stages visualized by DIC. Right panels
show side views of that stage and intermediate stages preceding the next
cleavage stage. 400x magnification, scale bar 20 pum.
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P. lamarcki but not B. glabrata embryos cleave asynchronously at the 2-cell

stage

Embryos of P. lamarcki can cleave asynchronously at the 2-cell stage,
where in some embryos there is a transition through a 3-cell stage rather than
synchronous cleavage from the 2-cell to the 4-cell stage (Figure 4.12). Embryos
that transitioned through a 3-cell stage typically stayed as a 3-cell stage embryo
for 30 minutes before proceeding to divide into a 4-cell stage embryo (Figure
4.12, Video 1). In contrast, B. glabrata embryos cleave synchronously at the

second cleavage stage with no transition through a 3-cell stage (Figure 4.13).

Figure 4.12 P. lamarcki early cleavage stages visualized by DIC extracted from
timelapse videos. (A) 2-cell to 4-cell stage transition with timing of division
extracted from timelapse videos, (B) 3-cell stage with timing of division
extracted from timelapse videos. Time is in hours:mins:secs or mins:secs, scale
bar is 20 pm.
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Figure 4.13 B. glabrata early cleavage stages visualized by DIC and confocal
imaging. (A) 2-4 cell stage transition with timing of division extracted from
timelapse videos, (B) 2-4 cell transition with confocal imaging. Confocal images
with labelled DNA (blue) and beta-tubulin (red). 400x magnification, scale bar is
20 um.

Confirmation of 3-cell stage embryos

The 3-cell stage was analyzed further using confocal microscopy in order
to ensure that this cleavage stage was not the result of incomplete cytokinesis
producing an awkwardly-shaped blastomere at the 2-cell stage without real cell
boundaries. Embryos were stained for DNA using DAPI, phalloidin for actin
filaments, and monoclonal beta-tubulin antibody to visualize embryos in 3
dimensions (Figure 4.14). In order to capture the 3-cell stage during the
approximately 30-minute window of its existence, embryos were fixed at various
time points at the 3-cell stage in addition to 4-cell and 8-cell stages for

comparison and imaged by confocal microscopy (Figure 4.14).
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Figure 4.14 P. lamarcki early cleavage stages visualized by confocal imaging.
Confocal images with labelled DNA (blue), actin (green), beta-tubulin (red).
600x magnification, scale bar is 20 pm.

At the 3-cell stage, embryos clearly had intact cell membranes between
all three blastomeres, indicating that there are three bona fide blastomeres at
the 3-cell stage rather than an incompletely-cleaving blastomere at the 2-cell

stage. As the 3-cell stage transitioned to a 4-cell stage, the appearance of the
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third blastomere appears as if one blastomere had simply been delayed in
completing cleavage to a 4-cell stage embryo. At the 4-cell stage, embryos at
metaphase already exhibited angled behavior associated with the spiral 8-cell
stage (Figure 4.14). At the 8-cell stage, the oblique orientation of the
blastomeres can best be seen in embryos that are in the midst of cleaving,

where it becomes clear that the blastomeres are not aligned linearly.

In order to quantify that the 3-cell stage embryos were able to survive
and develop normally, the survival of 3-cell embryos were individually monitored
by eye to check for transition through the 3-cell stage. The survival of the
embryos to the trochophore larval stage was quantified, where 38.1% (16/42) of

embryos that survived transitioned through a 3-cell stage (Table 4.3, p>0.1).

Table 4.3 Asynchrony in P. lamarcki second cleavage: 3-cell survival
guantification (N=96). Pearson’s chi-square test indicates no significant
difference (p>0.1) between survivability of embryos that transition through a 3-
cell stage and those that do not transition through a 3-cell stage (X statistic =
3.526, p=0.1 is x*=2.706 at df=1, therefore p>0.1).

Category alive dead Overall Total
2-cell to 4-cell with 3-

cell transition 16 3l

2-cell directly to 4-cell 26 23

Total 42 54 96

Analysis of cytoplasmic flow in P. lamarcki and B. glabrata

Cytoplasmic flow was measured by fluorescently labelling vesicles in
fertilized embryos, recording on a Lightsheet microscope, and tracking the

direction of movement of each vesicle both in wildtype and drug-treated animals
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(Figure 4.15, Videos 2-9). For patrticle tracking, this was done by dividing each
blastomere of each stage into four spatial quadrants, whereas for PIV analysis
this was done at once across the entire blastomere to get a sense of overall

flow (Figure 4.16).

Species Stage (control) Treatment

Cytochalasin B

2-cell n=5
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Figure 4.15 Breakdown of cytoplasmic flow analysis of Lightsheet imaging data
by species, cell stage, and drug treatment.
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Particle tracking PIV

Figure 4.16 P. lamarcki particle tracking and PIV analyses of Lightsheet
imaging data (A) particle tracking of labelled vesicles by division of one
blastomere into four spatial quadrants, (B) PIV analysis of flow for entire
blastomere.

For both particle tracking and PI1V analyses, this was done in 200 frame
increments (Figure 4.17). The bearing of each spatial quadrant of each
blastomere was plotted on a 360° plot for particle tracking (Figure 4.16 and

Figure 4.17), and relative movement was analyzed in conjunction with the PIV
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analysis. The main bearing for each particle tracking plot was surmised by
taking the three largest counts for each plot, and together with the spatial PIV

plots were summarized to give an overall view of the cell stage (Figure 4.18).

d

Particle tracking

Figure 4.17 An example of a complete analysis of cytoplasmic flow in a 2-cell P.
lamarcki embryo using Lightsheet data. (A) Particle tracking with analyses of
four spatial quadrants (represented by four graphs) in each blastomere of a 2-
cell stage embryo. (B) PIV analyses of the same 2-cell embryo with each PIV
image being 200 frames at 5 frames/sec, or 40 seconds of recording per PIV
image.
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random current circular cell division

() @

Figure 4.18 Phenotypes observed through analysis of cytoplasmic flow in P.
lamarcki and B. glabrata visualized by Lightsheet microscopy.

Cytoplasmic flow of vesicles is linked to cell division in P. lamarcki and B.

glabrata

Taken together, four phenotypes of movement were found for each
species, where movement was closely linked to stages of cell division (Figure
4.18). The nucleus seemed to be a structure both to flow around and to flow
towards depending on how close the embryo was to dividing to the next
cleavage stage. There were subtle differences across cleavage stages,
however these can be attributed to subtle differences in timing of recording and
the angle at which the embryo was suspended at recording (Figure 4.19 and

Figure 4.20).
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Figure 4.19 Summary of cytoplasmic flow across cleavage stages of P.

lamarcki. (A) Wildtype embryos, (B) Nocodazole and CytochalasinB treated
embryos extrapolated from Lightsheet data.
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Figure 4.20 Summary of cytoplasmic flow across cleavage stages of B.
glabrata. (A) Wildtype embryos, (B) Nocodazole and CytochalasinB treated
embryos extrapolated from Lightsheet data.
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Embryos arrest upon both actin and microtubule inhibition

Embryos with fluorescently labelled vesicles were treated with drugs that
inhibit microtubule assembly (Nocodazole) or actin filament assembly
(Cytochalasin B) and imaged in a Lightsheet microscope. Flow was not visibly
disrupted in comparison to wildtype embryos in treated animals (Figure 4.19,
Figure 4.20), however embryos arrested at the treated stage in each case. This
may imply that the treatment lost its efficiency during the mounting procedure,
or that the treatment was done too late to significantly disrupt the assembly and
disassembly of the cytoskeletal components. In addition, embryos were not
released from the agarose to see whether they develop further, which would
indicate whether the embryos remained viable after recording. It is possible that
the drugs were not working as expected, which could be solved by fixing treated
and animals, fluorescently staining actin or tubulin, and checking to see whether
drug-treated animals had the corresponding cytoskeletal component disrupted.
As drug-treatment without subsequent mounting and flow visualization also
arrested at the treated cell stage (data not shown), it is also likely that this is a

true phenotype.

Dechorionation and live dye experiments are not straightforward

A frustrating limitation to working with P. lamarcki and B. glabrata is the
lack of working protocols for dechorionation and injection for live dye application
and imaging. The lack of these techniques means, for example, that ideal
experiments such as looking at cortical flow by staining the cortex with a live

stain, are not possible. A number of methods were trialled in an effort to develop
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a working dechorionation and/or injection protocol, but this was not fruitful in
most cases except for the dye used in this thesis to study cytoplasmic dynamics
(Table 4.4). With the lack of a cortical live dye or a way to use other live stains
such as ones that visualize tubulin, it becomes difficult to analyze obvious
alternative sources of chirality generation in these embryos, which is an obvious

next step.

Table. 4.4 Results of dechorionation methods and live dyes trialled for P.
lamarcki embryos.

dechorionation/live dead/alive dye sample size (n)
dyes penetration
to embryo
(yes/no)
DECHORIONATION
Sucrose/NaCitrate all dead except 2 mins n/a
treatment but still
chorion
Protease all dead n/a
Trypsin all dead n/a
Sodium Thioglycolate | all dead n/a approx. 1500
2% Sodium all dead n/a embryos mixed from
Thioglycolate/1% 2-3 females
protease
20% Pluronic acid dead n/a
Pronase dead n/a
Pronase-trypsin dead n/a
mechanical (pipetting) | alive, not dechorionated | n/a
LIVE DYES
DRAQ5 dead after 24h no approx. 1500
embryos mixed from
2-3 females
MitoTracker alive yes mixed sperm sample
from approx. 5 males
TubulinTracker dead after 24h no
Calcium all alive no approx. 1500
LysoTracker all alive yes embryos mixed from
FM-64 all alive no 2-3 females

B. glabrata construct injection trials

In the same vein, functional techniques are also lacking in both P.
lamarcki and B. glabrata. For this reason, transgenics were attempted for B.
glabrata embryos. P. lamarcki was not chosen for this, as there is not a working
injection or dechorionation protocol to introduce constructs to the embryos. In

addition, P. lamarcki adults live in calcareous tubes that would be difficult to
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manipulate for injections and electroporations (which was the technique used
here). B. glabrata presents a more feasible option as they develop in egg
masses that are formed of individual compartments for each embryo that can
easily be injected (Figure 4.21). A beta-actin GFP vector was used, a fusion
gene that is likely constructed in a CAG vector. The exact sequence identity of
the vector is needed to fully troubleshoot these transgenesis trials, which is
something that we did not pursue fully. However, as this is a gene fusion protein,

it is possible that beta-actin is just not being expressed in these trials.

\ /‘.\)__. ,To \ o @
» / » \—\-o \? . 3 .
S N ® \ - 4 | o ®
5 e l k: / "‘ .:/.* o P !
'/:\ - \/ . ) v
0o\ A )
e . i P \.
¥ { z_‘ ;
i =

Figure 4.21 (A) Injected B. glabrata embryos, (B) after development to juvenile
visualized on a dissecting microscope. Black arrow with white border indicates
juvenile that retained FastGreen in its shell. Scale bar is approximately 1mm.

Although viable embryos developed, none expressed fluorescent GFP,
indicating that the introduction of the constructs had not been successful. In the
meantime, functional techniques have begun to emerge from the
Lophotrochozoa, with the recent development of an annelid transgenic line of P.
dumerilii (Backfisch et al., 2014; Zantke et al., 2014) and the development of the
CRISPR/CAS9 system for the mollusc Crepidula fornicata (Perry and Henry,

2015).
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The DV axis in equal-cleaving spiralians

Although this thesis has concentrated on LR asymmetry in preceding
chapters, there is no reason for early directionality to be linked to LR asymmetry.
Especially in these equal-cleaving spiralian embryos, it can also be the case
that any directionality, whether it be cytoplasmic or cortical, can also be
associated with the AP and DV axes. As the AP axis is typically correlated with
the animal-vegetal axis, which is already marked at the animal pole by the
formation of polar bodies, | considered whether the point of sperm entry
correlated with the formation of the DV axis, and the later specification of dorsal
fates. This was tested by staining P. lamarcki sperm with a mitochondrial stain
(Table 4.4) and fertilizing embryos with this fluorescently labeled sperm under a
confocal microscope (Figure 4.22). Although the staining worked, many sperm
attached to the surface of the egg, making it impossible to figure out which one
had successfully fused with the egg. It is clear that either an alternative
fluorescent label needs to be used, that perhaps labels DNA in the sperm, or an
alternative approach needs to be taken. To understand early cell dynamics the

DV axis needs to be considered as a viable candidate when analyzing data.

Figure 4.22 MitoTracker-stained P. lamarcki sperm visualized by (A) DIC and
(B) fluorescence.
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Discussion

Cleavage patterns and cytoplasmic flow were analyzed in the dextral P.
lamarcki and the sinistral B. glabrata, both equal-cleaving spiralians with
opposite handedness at the 8-cell stage. The main results of flow analysis show
that there is little to no chirality in cytoplasmic flow at the first few cleavage
stages. In a way, this study almost raises more questions than it answers, both
concerning asynchrony in cleavage and cytoplasmic flow. A number of
preliminary experiments have been done in an effort to answer some of the

most urgent questions, and these feature prominently in the discussion below.

Variation in the timing of cleavage in equal-cleaving annelids

There is asynchrony of cleavage that produces a 3-cell stage in P.
lamarcki. Asynchrony in spiralian cell cleavage has rarely been documented.
There are two publications where asynchrony in cleavage timing has been
reported in Pomatoceros triqueter embryos. Asynchrony was reported at the 2-
cell stage in P. triqueter (Dorresteijn and Fischer, 1988; Dorresteijn and
Luetjens, 1994), where the nature of this transition was not described, but the
transition was said to be less than one minute. This asynchrony was said to be
amplified at later stages, and the cause was thought to be correlated with slight
size differences between blastomeres. Whether this is related to the DV or LR
axes cannot be said with certainty. We have observed that dissimilar cleavage
mechanisms can result in similar fates, and confirm observations previously

made in molluscs (Martindale et al., 1985).
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Yet, fate was really not addressed in this thesis. Although timing of
cleavage revealed a 3-cell stage embryo, it is not known whether the
precociously cleaving blastomere of the 2-cell embryo already has a specific
fate. This is plausible, as in spiralian development developmental fate can be
followed and lineaged from early cleavage stages, and fate becomes
progressively specified as the embryo cleaves. To see whether blastomeres
that cleave precociously to a 3-cell stage have a specific fate, Dil labeling was
trialled, where a fluorescent lipophilic dye was used to mark one blastomere in
an effort to see whether the precociously cleaving blastomere had a consistent
fate later in development. Embryos were successfully labeled with Dil (Figure
4.23), but embryos that were labeled with the dye arrested cell cleavage and did
not survive to the larval trochophore stage. This will need to be continued for
future researchers in pursuit of understanding any biological significance of the

role of precocious cleavage in spiralian development.

Figure 4.23 Dil labeling of P. lamarcki embryos visualized by DIC (A) and
fluorescent (B) microscopy.
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Asynchrony in cleavage has been seen in entoproct and phoronid
embryos, and highlights the irregularity of cleavage as an important aspect of
spiralian cleavage (Merkel et al., 2012; Pennerstorfer and Scholtz, 2012). This
signals a need for more careful studies such as these, and a closer look at
synchrony and asynchrony in cleavage in spriralians. It is possible that this
source of variation is not stochastic and may give us new information
concerning the dynamics governing cell fate specification. Whether this
variability extends to bilateral animals outside of the Lophotrochozoa is not clear,
as this type of data is not typically reported. Typically, cleavage variants are
ignored as abnormal development and are rarely, if ever, followed to see
whether these are really cases of aberrant development. If the same trend of
intermediary cleavage stages is seen in other animals, it is possible that these
are cases of accentuated timing differences in cleavage cycles that are part of
normal animal development. It would be worth understanding just how
widespread variability in cleavage stages and timing is in bilateral animals, and
it is possible that trends in variability can be informative for understanding the

evolution of developmental processes.

Cytoplasmic flow is not chiral prior to the spiral 8-cell stage

The spiral 8-cell stage of spiralian embryos achieves dextral or sinistral
spiralling by spindle orientation, but nothing is known about directionality that
precedes the orientation of the spindles. An alternative approach to spindles
was taken here by looking earlier in development and analyzing cytoplasmic

flow within spiralian embryos for signs of chirality that can bias spindle
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orientation through a cytoskeletal-based mechanism. This does not seem to be
the case. Rather, cytoplasmic flow is associated with stages of cell division

(Figure 4.24).

Time

e

Figure 4.24 Hypothetical model of cytoplasmic dynamics during mitotic cell
cycle in P. lamarcki and B. glabrata.
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As the 8-cell stage develops before the presence of presumed organizers
in equal-cleaving spiralians (Figure 4.2), it is interesting to consider what kind of
determinants could be influencing something as ubiquitous as the cytoskeleton
in blastomeres of the early spiralian embryo. Given the intra- and inter-species
variation in developmental mechanisms (Seaver, 2014) within polychaetes, it
remains a possibility that axis specification is slightly different in timing to other
spiralians. The different phenotypes of cytoplasmic flow that we see are likely
correlated with cell division (Figure 4.19 and Figure 4.20), and can be a form of
developmental noise in relation to axis establishment. However, there is also
the possibility that movement is similar to that seen in C. elegans, where it is

related to the establishment of the DV axis (Singh and Pohl, 2014).

The lack of a strong phenotype upon treatment of embryos with high
concentrations of tubulin-disrupting and actin-disrupting compounds may be the
result of inefficient disruption, however this is unlikely due to the high
concentrations used. As cytoplasmic flow was analyzed rather than cortical flow,
it is more likely that nuclear division proceeded normally, as reflected by the
lack of a strong difference in cytoplasmic flow, but that subsequent cleavage
could not organize the disrupted tubulin and actin components to continue the
cell cycle to cytokinesis. This has been seen in similar experiments in the
mollusc Dreissena polymorpha, where nuclear division was not disrupted upon
treatment with actin inhibitors, but subsequent cell cleavage was arrested
(Luetjens and Dorresteijn, 1998). However, in the sand dollar, cytoplasmic flow
was found to be dependent on the actin cytoskeleton (Rappaport and
Rappaport, 1988), making it possible that this would also be the case in P.

lamarcki.
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It is not clear how generalizable cytoplasmic dynamics are across
animals, especially given the diversity of early cell cleavage methods such as
spiralian cleavage in lophotrochozoans, meroblastic and radial cleavage in
deuterostomes, syncytial development in arthropods, among others. In a broad
sense, cytoplasmic flow has been correlated with AP axis formation in mouse
(Yietal., 2011) and flow-like communication in the cytoplasm has been studied
in the frog (Ishihara et al., 2014). Other than an association with the primary
axes of the embryo, the majority of studies on cytoplasmic flow are studied as
by-products of examinations of developmental processes involving a great deal
of movement such as gastrulation. Yet, the cytoplasm contains a lot of
information, and is where gene products are located and communicated. In this
way, although cytoplasmic flow is not usually found at the center of research
guestions, such as it has been in the past in studies of C. elegans (Golden,
2000; Road, 1993), it is always assumed to be there and functioning to

transport molecules, presumably via the cytoskeleton.

Perhaps a contributing factor for the lack of information concerning
cytoplasmic flow in embryos is the emphasis on cell culture and non-animal
material to study such minute cell biological details. For example, processes
such as cytoplasmic streaming in individual cell movement have been studied in
association with cytoplasmic dynamics. There is increasing evidence that
individual cells in cell culture generate polar cortical and cytoplasmic flow
naturally (Naganathan et al., 2014; Wan et al., 2011), and that this correlates
with LR asymmetry establishment. Although this is very different from looking at
animal embryos, the cell culture system is often more amenable to study

intricate aspects of cell machinery. They may give us a view of the possible



156

cytoskeletal mechanisms that may be at work in animal embryos, and hopefully
these types of considerations will be applied in a more animal-centric way to

understand these processes in a developmental context.

Lysosomes and cytoplasmic flow

Interestingly, lysosomes travel along microtubule tracks (Collot et al.,
1984; Matteoni and Kreis, 1987). Lysosome movement has also been
associated with moving in the direction of microtubule organizing centers in cell
culture (Matteoni and Kreis, 1987). In light of our drug treatment experiments
that abolish microtubules, it seems likely that lysosomes travel on tracks that
are not related to microtubules as well. It also remains a possibility that the drug
treatment was not efficient, and microtubules were able to reassemble to
transport the lysosomes. Given that we do not know the viscosity of the
cytoplasm during this time, it is difficult to ascertain what the movement of the
lysosomes would be in the absence of microtubules. Visualizing spindles and
microtubules during live imaging in these animals would allow us to ascertain
whether this association also exists in spiralians although the techniques are

not yet routinely available in these animals.

Cortical flow, not cytoplasmic flow, influences polarity

The polarity seen in C. elegans likely points to cortical flow as a better
readout for early chirality. Cortical flow has recently received attention, as its

polar nature has been neatly correlated with a polar cytoskeleton in C. elegans
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(Schonegg et al., 2014). The closest anyone has come to understanding such
dynamics in early embryos has been in C. elegans, where AP axis formation by
cortical flow is connected to DV axis formation by the positioning of a small
vesicle-like structure called the midbody, which is essential for asymmetric
spindle positioning via actin and astral microtubules (Singh and Pohl, 2014).
This is similar to more distantly-related animals such as the mouse, where there
Is increasing evidence for the involvement of the cortex with actin in spindle
migration, mediated by the actin nucleators Arp2/3 (actin-related protein) and
Fmn2 (formin) (Chaigne et al., 2015; Yi et al., 2013), in the mouse oocyte. Of
course, these are distantly-related animals with very distinct modes of early
development. However the association between the cortex and asymmetric
spindle placement could be a conserved mechanism present in animals,
especially those with early cell fate specification such as spiralians (Mogilner

and Fogelson, 2015).

The presence of cortical flow in spiralian embryos is varied, with
Platynereis dumerilii being one species that demonstrates clear flow within the
zygote along the AP axis (Dondua et al., 1997; Fischer and Dorresteijn, 2004).
Cortical flow has been studied in other spiralians to varied effects and have
shown different patterns of movement, such as in a leech (Weisblat and Huang,
2001), a chiton (Huebner and Anderson, 1976), and a range of molluscs
including the zebra mussel (Luetjens and Dorresteijn, 1998). Asymmetric
cortical movement has been documented at least once in the dextral snails
Lymnea stagnalis and Lymnea palustris and the sinistral snails Physa acuta and
Physa fontinalis (Meshcheryakov and Beloussov, 1975), where cortical

movement was correlated with the chirality of spiral cleavage.



158

Mechanisms for symmetry breaking in the Bilateria

Cytoplasmic chirality was found not to be present in the equal-cleaving
animals studied here, pointing to cortical chirality as a likely generator of
chirality at these early stages (Figure 4.25). It is likely that the use of
cytoskeletal machinery for the establishment of LR asymmetry is widespread in
bilateral animals, and that the use of cilia is a derived mechanism found in
chordates. This implies that the last common ancestor of the bilaterians (the
Urbilaterian) may have used such a mechanism for LR asymmetry
establishment. However, given that the cytoskeleton is ubiquitous and used in
almost every function, it cannot be ruled out that this may be a case of
convergent evolution of cytoskeletal-dependent mechanisms. Further
experiments are needed to probe the relationship between symmetry breaking
and molecular asymmetry in the form of asymmetric gene expression. With
functional techniques becoming amenable to a wider diversity of animals, this

should become increasingly possible.
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Figure 4.25 Final model to represent thoughts on cytoplasmic chirality in equal-

cleaving spiralians.
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Future directions

We have shown here that cytoplasmic flow is correlated with cell division.
The presence of many different structures and organelles in blastomeres makes
it complex to visualize any form of directionality to this flow, and it seems likely
that such a stochastic system would not reliably produce polarity. We anticipate
studies to build upon this, and to probe at the connection between flow and
molecular machinery at the cortical level. This study demonstrates that
cytoplasmic polarity is not a likely candidate for symmetry breaking, and pushes

future studies to concentrate on cortical flow in these animals.

Future experiments should concentrate on analyzing cortical flow in
these embryos to see whether chirality is seen at this stage in spiralian embryos.
This is of primary interest, as we still do not know the exact mechanism by
which the spiral 8-cell stage becomes spiral. This could only be aided ideally by
fusion transgenics, or alternatively by live dyes of other structures such as the
nucleus and components of the cytoskeleton such as microtubules and actin
filaments in addition to a full 3D analysis of the data contained here and data to
be gathered in the future. Drug treatments in conjunction with this would confirm
which cytoskeletal component is participating in cytoplasmic and cortical flow in

spiralian embryos.

Although equal-cleaving embryos were considered in this thesis, it would
be important to expand this study to unequal-cleaving and polar lobe forming
spiralian embryos, and to see whether the same cytoskeletal mechanisms
govern this conserved mode of early cleavage and fate specification. Sinistrality,

although rare, is found in polychaetes as in Hydroides elegans (Arenas-Mena,
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2007). The position of the operculum is not asymmetric in this animal. How
directionality of the cytoplasm or cortex in early embryos may contrast with
dextrally-spiralling polychaetes is not known and would help us to understand

polarity differences in cytoplasmic or cortical flow within the Annelida.
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Chapter 5

General Discussion

A theme for this thesis has become not to trust generalizations and
assumptions. Coming back to the question of how left-right (LR) asymmetry is
established in spiralian embryos, this thesis demonstrates that previously
accepted generalizations both about the molecular machinery to establish LR
asymmetry, and aspects of spiralian embryology, have overstepped their broad
applicability to other systems and are not necessarily as textbooks would have
them be. Rather than a simple linear conservation of mechanisms, the
mechanisms underlying LR asymmetry seem to be different in Pomatoceros
lamarcki relative to molluscs and deuterostomes. However, it is probably more
correct to say that molluscs and deuterostomes are different relative to other
bilaterians. This will be discussed in more detail below, followed by a discussion
of potential cytoskeletal mechanisms for symmetry breaking in spiralian
embryos, and concluded with considerations of variability in the light of

understanding the evolution of mechanisms in animal development.
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Conserved does not necessarily mean functionally identical

Nodal signalling has been touted as a signalling pathway that is
conserved in LR asymmetry establishment in bilateral animals, and this claim
has thus far been undisputed. The work in this thesis suggests that the
presence of the Nodal pathway is conserved in bilateral animals, but that its
function in LR asymmetry establishment is not. Although the evidence here is
not definitive, taking current evidence under scrutiny, the only evidence of Nodal
function in LR asymmetry establishment outside of deuterostomes comes from
molluscs, and even here the evidence is not as convincing as it may seem.
Although the sided expression of Nodal is undisputed, the function of Nodal is
less convincing, where the low number of embryos that survive to have a non-
coiled shell chirality upon Nodal inhibition (Grande and Patel, 2009) suggests
that the ones considered are embryos for which inhibition was less efficient.
Although part and parcel in drug treatments, this is a less than ideal piece of
evidence on which to base large claims as to the conserved function of Nodal in

LR asymmetry establishment across all bilateral animals.

What is possible is that Nodal signalling in LR asymmetry establishment
is conserved in deuterostomes, and that other lineages have independently
evolved mechanisms for LR asymmetry establishment. Molluscs are likely a
case that happened to employ the Nodal signalling pathway for LR asymmetry
establishment, perhaps as a by-product of using this pathway for shell formation,
rather than this being a conserved function of the Nodal pathway. Given that
other BMP ligands, such as BMP2/4 (decapentaplegic, dpp) are involved in

shell formation and the development of asymmetry of the mollusc shell
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(Hashimoto et al., 2012; Shimizu et al., 2013, 2011), it is not a great leap to
suggest that the Nodal pathway has also been co-opted for shell formation, and

the intimately associated chirality that comes with forming mollusc shells.

In this way, we propose that Nodal signalling may not be conserved in
LR asymmetry establishment in bilaterian animals. Rather, its role in
establishing asymmetry is a conserved feature of specifically deuterostome
Nodal signalling. Evidence of the role of Nodal in LR asymmetry establishment
in some non-deuterostome lineages may indicate independent co-option of
Nodal signalling for LR asymmetry establishment rather than conservation
(Figure 5.1). Of course, we still cannot rule out the possibility of prevalent loss
of the LR asymmetry- establishing function of Nodal across the Bilateria.
However, the latter remains an unlikely scenario, and instead we propose that
Nodal signalling is conserved in mesendoderm or mesoderm specification and

other functions are novel co-options of this pathway.
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Figure 5.1 The evolution of Nodal function in LR asymmetry establishment.

Green boxes and notches indicate Nodal presence or hypothesized gain, red
dotted boxes and solid notches indicate Nodal absence or hypothesized loss,
bold purple boxes and circles indicate hypotheses presented in this thesis on
the evolution of molecular mechanisms underlying LR asymmetry establishment
in bilateral animals.
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The window of symmetry breaking is getting smaller

This thesis has not solved the enigma of symmetry breaking. However, it
has made smaller the window during which symmetry breaking most likely
occurs. Cytoplasmic flow has not generally been associated with LR asymmetry
establishment, and my data support this. Although this does point towards
cortical flow as the first generator of chirality, the connection between cortical
chirality and later asymmetry is still tenuous. The best evidence has been found
in Caenorhabditis elegans, with the next best source of evidence being the
mouse oocyte, and although the evidence in the latter two cases are strong for
these two systems, the mechanisms are very specific to the particular stage and

particular animal and does not give workable clues for animals like spiralians.

A definitive connection between spindle orientation and prior cytoskeletal
asymmetry, if there is one, is still lacking in spiralians. Given what this thesis
has found, there is no obvious chirality at the 2-cell and 4-cell stages. As the
spindles are oriented at a specific angle as the 4-cell divides into an 8-cell stage,
it is somewhere during 8-cell formation that chirality is produced and harnessed
for spindle orientation. As this is a fixed asymmetry, and the mysterious
component is present in the cytoplasm, it is likely that a maternally deposited
sinistral or dextral factor is activated at the 8-cell stage, and that this factor
signals to the cytoskeleton to pull spindles in one direction or the other via
cytoskeletal architects such as Arp2/3 (actin-related protein) or Fmn2 (formin)

(Figure 5.2).
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Figure 5.2 Hypothesis for LR symmetry breaking in spiralian embryos. Red
boxes indicate hypotheses presented in this thesis, where the large red box
indicates the likely stage at which symmetry breaking takes place, and the small
inner red box indicates a hypothesized cytoskeletal mechanism.

In this way, the tools that can be used for symmetry breaking are limited
at early stages of development, and it is not surprising that the cytoskeleton

features prominently in all animals. Despite the diversity of modes of early
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development across animals, the cytoskeleton is really the only constant factor.
Rather than a common mechanism for symmetry breaking it is more likely that
diverse animals have harnessed the cytoskeleton in a myriad of ways to
achieve symmetry breaking, and that this is highly dependent on whether this
asymmetry is heritable or not, and on the effects that the chosen mode of
symmetry breaking would have on subsequent development of that animal. This
would mean that the quest to find the mechanism underlying symmetry breaking
would have to be undertaken independently for different animals, and each

animal may have a slightly different take on how it is done.

Taking a further step back, perhaps the reason why symmetry breaking
has been such an impossible enigma to solve is that there is no generalizable
mechanism. Researchers have shied away from diversity in favor of high impact
mechanisms that can be as generalizable as possible, yet it may be this
favoritism that is blinding researchers from seeing that there is no single

mechanism for symmetry breaking.

Generalizing animal development can do more harm than good

What has become apparent through this thesis is that there is a
considerable amount of variation in the development of bilateral animals. The
over-simplification of developmental processes can be detrimental in this
respect, as variation is an important part of animal development. The level of
variation in mechanisms of development, from cell cleavage modes and inner

cell dynamics to general modes of body plan establishment, is usually
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disregarded for the sake of simplicity and the search for common mechanisms
that unite animal development. Although generalizable processes are typically
the most lauded when it comes to scientific merit and recognition, there is a

danger of cherry-picking and skimming over real variations, which themselves

can be informative for understanding the evolution of development.

The extant animals that we see today evolved from long-gone ancestors,
and although evolution can be very fast, it is likely that animals evolved by using
the abundant variation in their development. By only looking at what is not
variable in extant animals, we are ignoring important tools that are used in the
evolution of developmental mechanisms. Variation fits into the picture somehow,
whether through developmental systems drift or a maintenance of robustness.
Underappreciating the level of variation is misleading and prevents us from
understanding the true evolution of the mechanisms underlying animal

development.
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Abstract: Directional left/right (LR) asymmetries, in
which there are consistent, heritable differences in
morphology between the left and right sides of bilater-
ally symmetrical organisms, are found in animals
across the Bilateria. For many years, we have lacked
evidence for shared mechanisms underlying their
development. This led to the supposition that the
mechanisms driving establishment of LR asymmetries,
and consequently the asymmetries themselves, had
evolved separately in the three major Superphyla that
constitute the Bilateria. The recent discovery that the
transforming growth factor-beta (TGF-3) ligand Nodal
plays a role in the regulation of LR asymmetry in both
Deuterostomia and Lophotrochozoa has reignited
debate in this field, as it suggests that at least this
aspect of the development of the LR axis is conserved.
In this review, we discuss evidence for shared mecha-
nisms of LR asymmetry establishment across the bilat-
erian tree of life and consider how these mechanisms
might have diverged across the Metazoa over the last
500 million years or so of evolution. As well as the likeli-
hood that Nodal is an ancestral mechanism for regulat-
ing LR asymmetry, we reemphasize cytoskeletal
architecture as a potential shared mechanism underly-
ing symmetry breaking. However, convergent evolution
remains a distinct possibility and study of a wider diver-
sity of species will be needed to distinguish between
conserved and lineage-specific mechanisms. genesis
52:458-470,2014. © 2014 Wiley Periodicals, Inc.

Key words: asymmetry; Lophotrochozoa; Ecdysozoa; LR;
Bilateria

BILATERAL SYMMETRY AND ASYMMETRY

Most living animals are classified within the Bilateria
(Fig. 1) and have a body plan that is, for at least part of
their life cycle, fundamentally bilaterally symmetrical.

However, morphological asymmetries across the left/
right (LR) axis are present in many such species. Classic
examples include the directional coiling of snail shells,
the looping of the vertebrate gut, and the left-sided
placement of the human heart (Palmer, 2004). It should
be noted that the phrase “LR axis” could be regarded as
something of a misnomer, as from a mechanistic devel-
opmental perspective there is in effect one axis on
either side of the midline (as discussed in Palmer,
2004). However, for the purposes of this review, we
will use the term LR axis to indicate both the left and
right sides of the midline, while keeping in mind that
this is not a bona fide continuous axis with a single pat-
terning mechanism spanning from one side to the
other.

The Bilateria are divided into three major Superphyla,
the Ecdysozoa, Lophotrochozoa, and Deuterostomia,
with the Acoelomorpha posited as the earliest-diverging
bilaterian lineage and predating their radiation (Fig. 1,
and references therein). The bilateral symmetry seen in
these clades contrasts with the animal lineages histori-
cally known as the “Radiata” such as cnidarians and cte-
nophores. These are typically described as showing
some form of radial symmetry, although there is some
evidence for bilaterality at the molecular level in at least
one cnidarian species (Matus et al., 2006a,b). The rela-
tive placement of these lineages in the tree of life leads
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FIG. 1. Consensus cladogram of Metazoan inter-relationships
(based primarily on Dunn et al., 2008; Pick et al., 2010). Major divi-
sions of the Bilateria into the three superphyla Deuterostomia,
Lophotrochozoa, and Ecdysozoa represented with colored bars
and circles at clade nodes. Note that there is continued disagree-
ment in the literature about some of the nodes shown in this tree,
for example, the precise arrangement of the Tardigrada, Nema-
toda, and Priapulida, and the relative position of the Platyhel-
minthes. Some other taxa whose placement in the cladogram is
contested are indicated with an asterisk. All non-Bilateria are incor-
porated into the paraphyletic group “Diploblastica” —for discussion
of the possible inter-relationships in this grouping, we refer the
interested reader to Hejnol et al. (2009) or Pick et al. (2010). At the
right, we indicate the known presence of the Nodal gene as deter-
mined by prior publications (Duboc et al., 2005; Grande and Patel,
2009; Kuroda et al., 2009; Morokuma et al., 2002; Yu et al., 2002)
or our analyses (Kenny et al., manuscript submitted) with a green
dot, known absence of Nodal (when complete genomes available)
with a red dot, and currently undetermined presence or absence
with an orange dot.

to the inference that bilateral symmetry evolved only
once and that the common ancestor of the Bilateria, as
the name suggests, was bilaterally symmetrical.

During embryonic development, bilateral symmetry
is apparent once the anterior-posterior (AP) and dor-
sal-ventral (DV) axes are established. True symmetry is,
however, generally short lived in development, as most
bilaterians quickly establish asymmetries across their LR
axis. These can be limited to the results of developmen-
tal noise causing subtle differences in growth and pat-
tern on the left and right sides (known as fluctuating
asymmetry) or to the random asymmetric placement of
structures in which all individuals in a population are
asymmetric but sidedness is stochastic (known as anti-
symmetry). To many, however, the most interesting
asymmetries are directional asymmetries, which are

fixed in a certain direction in a population, and under
genetic control (Palmer, 2004).

Directional asymmetries are found across the Bilate-
ria, but how they are established and patterned has
been the cause of recent debate. Much of our under-
standing of these processes has come from studies in
vertebrates. A critical question is, what actually breaks
symmetry in the first place, allowing left and right sides
to follow different developmental programs? Studies in
model vertebrates have focused on two main mecha-
nisms: the nodal flow hypothesis, which proposes that
the chirality of cilia coupled with their arrangement at
the node generates LR directional fluid flow and hence
drives LR asymmetry (reviewed by Capdevila et al.,
2000; Nonaka et al., 1998; Tabin, 2006), and the ion
flow hypothesis, which proposes that asymmetry is
established by differential transport of charged mole-
cules in response to the different voltages across the LR
axis of the embryo, propagated by the action of mole-
cules like H'/K" ATPases (Levin et al., 2002). Both
models have caveats when considering their general
applicability to all vertebrate embryos, and we do not
have the space in this review to fully explore these.
Instead, the reader is referred to recent reviews that dis-
cuss these issues (Hirokawa et al., 2006; Levin and
Palmer, 2007; Nakamura and Hamada, 2012; Vanden-
berg and Levin, 2010). Importantly, as discussed below
in detail, neither model is a strong candidate for
explaining the breaking of symmetry across the Bilate-
ria. This, coupled with a general lack of data from most
invertebrate lineages, led to a general supposition that
the mechanisms for establishment of directional asym-
metry evolved separately in the three bilaterian Super-
phyla (Palmer, 1996).

NODAL SIGNALING AND LR ASYMMETRY

A second critical question has been how broken sym-
metry can be translated into asymmetric gene expres-
sion, developmental programs, and hence morphology.
In vertebrate studies, there is some consensus here in
that in all species so far examined, it involves the left-
sided expression of the transforming growth factor-beta
(TGF-B) ligand Nodal and the homeobox transcription
factor Pitx2. Nodal was first described in 1993 (Zhou
et al., 1993), and along with performing a key role in
early embryogenesis with respect to mesendoderm
induction, its later left-sided expression adjacent to the
node induces additional left-sided Nodal, left-sided
expression of Pitx2, and hence left-sided morphogene-
sis (Beck et al., 2002; Levin et al., 1995). Mouse and
chicken have single copies of the Nodal gene, whereas
Xenopus possesses five paralogs (Xnrli, 2, 4, 5, and 0)
and zebrafish three (cyclops, squint, and southpaw). As
can be seen at the right of Figure 1, Nodal is so far con-
spicuous by its absence in the Ecdysozoa, despite the
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widespread presence of LR asymmetries in this Super-
phylum. Initially, this reinforced the idea that mecha-
nisms regulating LR asymmetry were not conserved
between the bilaterian Superphyla. However, more
recent study has shown that at least one copy of Nodal
is present in all invertebrate deuterostomes thus far
studied, as well as being identifiable in the genomes of
most sequenced members of the Lophotrochozoa
(Duboc et al., 2005; Grande and Patel, 2009; Kuroda
et al., 2009; Yu et al., 2002; Kenny et al., manuscript
submitted).

These key studies have shown that the asymmetric
expression of both Nodal and Pitx (the gene family to
which Pitx2 belongs) are also found in both inverte-
brate deuterostomes and lophotrochozoans. Further-
more, disrupting Nodal function can affect the
expression of Pitx and the development of asymmetric
morphology (Grande and Patel, 2009; Kuroda et al.,
2009). This has led to re-examination of the question of
whether directional LR asymmetry evolved independ-
ently in each of the three bilaterian Superphyla or
whether at least some of the mechanisms establishing
LR asymmetry are ancestral and hence conserved. It
also seems that Nodal is expressed on the right-hand
side of most invertebrates (Duboc and Lepage, 2008;
Grande and Patel, 2009; Kuroda et al., 2009) and plays
its role in patterning asymmetry on this side of the
body, whereas in the chordates, it is found on the left-
hand side (Boorman and Shimeld, 2002a,b; Chea et al.,
2005; Morokuma et al., 2002; Yu et al., 2002). This
mirror-image distribution of roles is likely related to the
so-called DV inversion event, suggesting that bilateral
asymmetry (or at least one-sided expression of Nodal)
predates this.

In this review, we focus on the evolutionary ancestry
of mechanisms for establishing and propagating direc-
tional asymmetries, exploring studies across all three
Superphyla. Focusing first on the invertebrate deuteros-
tomes, then the lophotrochozoans, and finally the ecdy-
sozoans, we will summarize current understanding,
evaluate mechanistic similarities between lineages, and
propose evolutionary explanations for the similarities
and differences we see in the mechanisms between liv-
ing bilaterian lineages.

ASYMMETRY IN INVERTEBRATE
DEUTEROSTOMES

As immediate outgroups to the well-studied Vertebrata,
invertebrate deuterostomes are key systems for under-
standing the ancestry of chordate LR asymmetry mecha-
nisms. There are probably only three living lineages of
invertebrate deuterostomes (Fig. 1): Tunicata (sea
squirts and allies), Cephalochordata (amphioxus and
allies), and Ambulacraria (sea urchins and hemichor-
dates; the placement of Xenoturbella is controversial,

and as we currently know little of its development, it
will not be considered further here). All have been stud-
ied to some extent, with most data coming from the
tunicates, and we will summarize these findings in turn.

Tunicates

The Tunicata are the invertebrate lineage most closely
related to the vertebrates (Fig. 2). Tunicate embryos
develop into a tadpole larva with dorsal, hollow neural
tube and underlying notochord. Larvae typically show
asymmetry in the sensory vesicle sited in the anterior
brain (Boorman and Shimeld, 2002a). The larvae of asci-
dians, which comprise the majority of tunicates, meta-
morphose into a sessile filter feeding adult, which also
shows asymmetry, most obviously in the positioning and
coiling of the gut and other internal organs (Boorman
and Shimeld, 2002a).

The regulation of asymmetry has been primarily stud-
ied in two ascidian species, Ciona intestinalis and Hal-
ocynthia roretzi. These species belong to widely
divergent ascidian lineages; however, their early devel-
opment is remarkably similar with each showing essen-
tially the same stereotypical pattern of cleavage and cell
lineage (Lemaire, 2009). In both species, the nodal-Pitx
signaling system is deployed on the left-hand side of the
body, as it is in vertebrates (Boorman and Shimeld,
2002b; Morokuma et al., 2002). However, the primary
tissue differs, with both H. roretzi and C. intestinalis
genes being broadly expressed in the left-side ectoderm
at the neurula and tailbud stages, as opposed to around
the node and in lateral plate mesoderm in vertebrates
(Collignon et al., 1996; Lowe et al., 1996). One possible
explanation for this difference is that tunicates are
thought to have lost the node-based body axis pattern-
ing used by vertebrates (and amphioxus; see below),
replacing it with lineage and local signaling-based mech-
anisms (Kourakis and Smith, 2005; Lemaire, 2009). Con-
servation of the process extends to the regulation of
Pitx by nodal (Morokuma et al., 2002; Yoshida and
Saiga, 2008) and to the deployment of lefty: although
the precise regulatory role of lefty is yet to be dissected,
overexpression experiments produce similar pheno-
types to treatment with the nodal receptor antagonist
SB431542, suggesting that it also functions to inhibit
nodal signaling (Mita and Fujiwara, 2007).

A small number of studies have also begun to investi-
gate the mechanism underlying how left-sided expres-
sion of these genes is initially triggered, although with
sometimes conflicting results. Shimeld and Levin (2006)
investigated whether manipulation of ion channels
or pumps by pharmacology affected asymmetry in
C. intestinalis, finding that compounds which in verte-
brates interfered with H'K" ATPase activity could
affect asymmetry as revealed by ectopic right-sided
expression of Pitx in treated embryos. With respect to
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the potential for cilia to be involved in symmetry-
breaking in tunicates, classical descriptions of ascidian
development have failed to identify cilia prior to the
larval stage, when asymmetry is already well established
(for review, see Satoh, 1994). However, this question
has been recently revisited using fixation protocols
designed to preserve primary cilia (Thompson et al.,
2012). This study identified small (1-2 pm long) tran-
sient cilia on all ectoderm cells (other than those at the
midline) at the late neurula and early tailbud stages,
coincidental with the activation by these cells of nodal
expression. The cilia are posteriorly localized on each
cell; however, analysis of their structure by TEM found
collapsed axonemes and a lack of dynein arms, consist-
ent with primary cilia structure but inconsistent with
motility. This led the authors to postulate that the cilia
were not involved in a nodal flow-like mechanism in
ascidians but were more likely to be sensory in nature.
However, a parallel study in H. roretzi showed that dur-
ing this period of development, embryos rotated gently
inside their chorions and always came to rest on their
left side (Nishide et al., 2012). Furthermore, they exper-
imentally demonstrated that contact between the side
of the embryo and chorion wall was sufficient to induce
nodal gene expression. These authors also presented

evidence that other ascidian embryos rotated inside
their chorions, including those of C. intestinalis,
although the degree of rotation varied and embryos did
not always end up lying in the same orientation. Cilia,
although not proven to be involved, are obviously likely
candidates for driving such rotation.

These conflicting data have yet to be reconciled. One
possibility is that ascidian embryos develop different
types of cilia at different places and/or times such that
TEM analysis missed those responsible for embryo
motility. Alternatively other forces may drive embryo
rotation, for example, the C. intestinalis chorion is
lined internally with a dense layer of maternally sup-
plied test cells that are only a few micrometers away
from the embryo, in contrast to the large space inside a
H. roretzi chorion. Nonmotile cilia might also be
involved in asymmetry via a sensory function, as con-
tact between embryo and chorion substratum appears
necessary for symmetry breaking in H. roretzi. Mecha-
nistic diversity between ascidians is also possible; as dis-
cussed above, although morphologically similar, C.
intestinalis and H. roretzi are genetically very diver-
gent. Furthermore, removal of the chorion has different
effects on the two species, leading to bilateral expres-
sion of left-sided genes in C. intestinalis (Shimeld and
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Levin, 2006; Yoshida and Saiga, 2008), but loss of left-
sided expression of nodal in H. roretzi (Nishide et al.,
2012). This suggests that if an embryo-substrate con-
tact mechanism is deployed in these species to break
symmetry, it is working in opposite ways in the two
species (repressing left-sidedness in C. intestinalis, acti-
vating it in H. roreizi).

In summary, although it is clear that ascidians share
left-sided nodal and Pitx expression with vertebrates
and that the regulation of Pitx by nodal is also con-
served, it is less clear whether upstream mechanisms of
symmetry breaking are also shared ancestrally. An
intriguing possibility is that a node cilia-based symmetry
breaking mechanism was deployed by the common
ancestor and that ascidians have adapted this to the use
of cilia (be they sensory, motile, or both) over the
whole ectoderm as a corollary of losing the node.
Understanding symmetry breaking and nodal regula-
tion in amphioxus would help resolve this.

Cephalochordates

Amphioxus and allies form the Cephalochordata, the
earliest diverging living chordate lineage (Fig. 1). The
amphioxus larva is one of the most asymmetric bilater-
ians described. It possesses a canonical chordate body
plan, with dorsal neural tube, notochord, and somite
muscle blocks (Conklin, 1932). However, the somites
are asymmetrically aligned, the mouth opens on the left
side of the head, the gill slits extend up to the right side
of the head, and the anterior head cavities undergo very
different morphogenesis on left and right sides
(reviewed by Boorman and Shimeld, 2002a). Some sym-
metry is restored at morphogenesis; however, asymme-
try clearly persists in brain, gut, and associated organs.

Both nodal and Pitx are left sided in amphioxus
(Boorman and Shimeld, 2002b; Yasui et al., 2000; Yu
et al., 2002). Their expression more closely resembles
that of vertebrates than ascidians, despite the latter two
being more closely related; for example, nodal expres-
sion initiates symmetrically before resolving into asym-
metry, and both genes are mesendodermally expressed
(Yasui et al., 2000; Yu et al., 2002). This may be a corol-
lary of organizer-based patterning in amphioxus and of
the involvement of nodal in mesoderm induction (Onai
et al., 2010; Yasui et al., 2000).

To date, the mechanism that breaks symmetry in
amphioxus and leads to asymmetric nodal expression
is unknown. Early amphioxus embryos are heavily cili-
ated and rotate inside their chorion prior to hatching,
powered by these cilia (Conklin, 1932). Gastrulation
internalizes ciliated cells such that the archenteron of
the early neurula is lined with cells with long cilia,
although whether these remain actively beating has not
been described. Although this raises the possibility that
cilia flow could account for symmetry breaking in

amphioxus, hard evidence is lacking, and further
experiments are needed to investigate this, for exam-
ple, direct imaging of cilia activity, measurement of fluid
flow within the amphioxus archenteron, and/or inhibi-
tion of cilia activity.

Echinoderms and Hemichordates

Echinoderms and hemichordates form a monophy-
letic grouping termed the Ambulacraria (Fig. 1). Most
hemichordates are long, thin, and worm-shaped ani-
mals, although one hemichordate lineage, the ptero-
branchs, are tube dwellers (Sato and Holland, 2008). At
least some adult hemichordates have subtle asymme-
tries, for example, in the location of an anterior pore
(Kaul-Strehlow and Stach, 2013). Whether pterobranch
hemichordates are asymmetric is less clear; classical
descriptions of these animals as having an asymmetric
gonad have recently been shown to be antisymmetric
rather than directionally asymmetric (Sato and Holland,
2008). As of yet, the regulation of hemichordate asym-
metry has not been described.

Echinoderms are a diverse Phylum with a variety of
adult body plans including sea urchins, starfish, brittle
stars, sea cucumbers, and sea lilies, all united by under-
lying pentaradial symmetry in the adult form. However,
larvae are bilaterally symmetrical, and in sea urchins,
the adult forms from a rudiment that develops on the
left side of the larva (Fox et al., 2004). The positioning
of this rudiment is under the control of nodal-Pitx sig-
naling across the LR axis, demonstrating mechanistic
conservation with chordates. The regulatory interactions
of these genes are quite well dissected but will not be
discussed further here; instead, the reader is referred to
these recent studies (Duboc and Lepage, 2008; Luo and
Su, 2012; Warner et al., 2012). In contrast to chordates,
however, nodal and Pitx are deployed on the right-hand
side of the embryo. The implication of this difference
will be discussed below in detail, when we consider
lophotrochozoan asymmetries.

ASYMMETRY AND ITS REGULATION IN
INVERTEBRATE DEUTEROSTOMES

Chordates clearly share an ancient conserved role for
nodal and Pitx on the left side of the body. Although
this may have been considerably modified in ascidians,
fundamentally they are left-expressed and likely drive
left-sided morphogenesis. This is also shared with ambu-
lacrarians; however, in these lineages, the pathway
appears to operate on the right side (with the caveat that
most echinoderm lineages have yet to be studied and the
diversity of both adult and larval forms in this clade is con-
siderable). Less clear is whether mechanisms of breaking
symmetry and initiating asymmetric zodal expression are
also conserved. We currently lack sufficient data from
invertebrate deuterostome lineages to assess this and full
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understanding will require integration of imaging and
gene manipulation studies, both challenging approaches
in the small embryos of nonmodel species.

ASYMMETRY IN THE LOPHOTROCHOZOA

The Lophotrochozoa is a Superphylum, including
diverse organisms such as phoronids, bryozoans, rotifer,
platyhelminthes, annelids, and molluscs (Fig. 1). Asym-
metries can be found in many of these organisms, such
as the sided operculum of some polychaete worms, the
localization of ovary structures in rotifer, asymmetries
in larval behavior, and, most classically, in the coiling of
mollusc shells. Many undergo spiral cleavage (discussed
further below), in which mitotic spindle orientation
early in development directs sidedness.

Despite this insight, and the abundance of directional
asymmetries within this Superphylum, we have still had
relatively little insight into the molecular mechanisms
underlying asymmetry in this clade until recently. This
changed in 2009, with studies showing nodal and pitx
to be asymmetrically expressed in snails (Grande and
Patel, 2009; Kuroda et al., 2009), where their sidedness
of expression correlated with the direction of spiral
cleavage in the dextrally cleaving snail Lottia gigantea
(which does not develop a coiled shell), the sinistrally
cleaving snail Biompbalaria glabrata, and in dextral
and sinistral morphs of the snail Lymnaea stagnalis.
The subsequent direction of shell coiling in later devel-
opment seen in B. glabrata and L. stagnalis morphs
also correlated with sidedness of gene expression. It
has also been shown that asymmetric growth and tor-
sion in larval snails is driven by TGF-3 signaling (Kurita
and Wada, 2011), with the TGF-B superfamily ligand
Dpp (BMP2/4 or Decapentaplegic) suggested to inte-
grate asymmetric cues in postembryonic shell morpho-
genesis through a gradient of Dpp in the shell gland
(Shimizu et al., 2011, 2013). Despite these advances,
much remains unknown, with most studies only consid-
ering gastropod molluscs. In the next sections of this
review, we will summarize current knowledge of lopho-
trochozoan asymmetry and suggest key questions still
to be addressed.

The Cytoskeleton and LR Asymmetry in Molluscs

Mollusc embryos primitively undergo spiral cleavage
(Fig. 2). This is apparent from the four- to eight-cell
stage, when at the third cleavage, the tier of four animal
micromeres is slightly offset from the four vegetal mac-
romeres, creating a spiral form that either twists sinis-
trally or dextrally. Successive cleavages follow this
offset pattern through to gastrulation. While in larval
development dextrally cleaving embryos show dextral
shell coiling, sinistrally cleaving embryos show sinistral
shell coiling. Spiral cleavage is shared by many other

lophotrochozoan Phyla and may be ancestral for the
Lophotrochozoa, although this is somewhat conten-
tious (Giribet, 2008; Hejnol, 2010). Although not
described outside the Lophotrochozoa, spiral cleavage
may hold clues as to the ways in which asymmetry is
established in other clades.

There is excellent experimental evidence that the
angle of spindle orientation during the third cleavage is
both coincident with and determines later asymmetries
(Freeman and Lundelius, 1982; Shibazaki et al., 2004).
A particularly elegant study by Kuroda et al. (2009)
showed that the direction of spiral rotation during third
cleavage is directly connected to the orientation of shell
coiling in later development. This was shown by physi-
cally manipulating blastomeres in dextral and sinistral
snails, changing the arrangement of spindles and hence
forcing spiral cleavage in the opposite orientation. This
resulted in the concordant alteration of chirality in later
development, with shell coiling corresponding to the
direction of blastomere manipulation, regardless of the
genetic background of the embryo. Subsequent genera-
tions reverted back to their genetically inherited direc-
tion of cleavage and coiling.

Early genetic studies indicated that the chirality of at
least some mollusc embryos depends on a maternally
inherited nuclear locus, termed sinistral (Asami et al.,
2008; Boycott et al., 1930; Diver et al., 1925; Sturtevant,
1923). An experimental embryological study has further
connected this genetic basis to a molecular mechanism,
with the transfer of cytoplasm of a dextral egg into a sin-
istral egg causing subsequent dextralization (Freeman
and Lundelius, 1982). This shows that there is a specific
factor in the cytoplasm that communicates dextrality;
however, the nature of this factor is still unknown. The
pond snails L. stagnalis and Lymnaea peregra have his-
torically been used for such studies, as they can be natu-
rally found and cultured in both chiral forms (for review,
see Schilthuizen and Davison, 2005). Mapping of the
locus responsible has been undertaken (Liu et al., 2013),
and although the nature of the gene or genes is not yet
clear, this can only be a matter of time now. A likely sce-
nario is that the locus will encode a maternally supplied
protein or proteins that organize dextral orientation of
the spindle at the third cleavage.

Interestingly (and somewhat counterintuitively), sin-
istral and dextral snails, although mirror images at the
gross level of adult morphology and shell coiling, are
not mirror images of each other at the cellular level dur-
ing cleavage. Instead, they show morphologically and
temporally distinct mechanisms of orientated cell divi-
sion involving the cytoskeleton, at least for the small
number of species studied to date (Shibazaki et al.,
2004). Future studies are needed to better understand
how these mechanisms operate, how phylogenetically
widespread they are, and how they could be related to
the maternally inherited sinistral locus.
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These studies, while promising clear insight in the
near future into the nature of sinistral versus dextral
development in molluscs, do not yet tell us how sym-
metry is initially broken in mollusc embryos. It is worth
noting that there is evidence for a cytoskeletal role in
establishing asymmetry across other axes in the devel-
opment of other mollusc species. Subcellular- and
blastomere-specific RNA localization has been noted in
the eggs and early cleavage stages of the marine gastro-
pod mollusc Ilyanassa (Kingsley et al., 2007; Lambert
and Nagy, 2002; Rabinowitz and Lambert, 2010), with
maternally deposited RNA playing a role in specifying
the DV axis via formation of the D-quadrant organizer, a
specific vegetal cell that directs subsequent DV devel-
opment (Lambert, 2010). Whether this extends to LR
asymmetry of maternally deposited mRNA is not clear;
however, we speculate that somewhere between the
first cell cleavage and the specification of the D-
quadrant organizer, asymmetric cues could be commu-
nicated to specify the LR axis. Asymmetric RNA localiza-
tion has also been identified in the gastropod Crepidula
fornicata (Henry et al., 2010) and would benefit from
studies in other mollusc lineages and other lophotro-
chozoan Phyla to understand whether this is an ances-
trally conserved mechanism or one that was
convergently evolved with a shared cleavage pattern.

Other Lophotrochozoans

The Lophotrochozoa remain under-investigated in
the developmental literature, and outside the mollusc
examples discussed above, there have been no studies
indicating that similar mechanisms for establishing
asymmetry are at work in other Phyla within this clade.
Spiral cleavage, however, is widespread, being found in
at least annelids, platyhelminthes, nemerteans, ento-
procts, molluscs, and phoronids (Lambert, 2010; Mer-
kel et al., 2012; Pennerstorfer and Scholtz, 2012). This
suggests that underlying mechanisms of symmetry
breaking and cleavage orientation may be equally as
ancient, although this idea needs to be treated with
some caution as there are some differences between
molluscs and other spirally cleaving embryos; for exam-
ple, although sinistral mollusc strains and species are
naturally (if rather rarely) found, the majority of other
lineages seem to lack such sinistral forms. Furthermore,
there is still the possibility that despite a conserved
method of cleavage, similar mechanisms of asymmetry
establishment may have evolved convergently in spira-
ling cleaving animals. Recent advances in genome
sequencing show that the nodal gene is broadly con-
served in lophotrochozoans (Kenny et al., manuscript
submitted), although whether it is involved in LR asym-
metry remains to be determined. Given the modifica-
tions of spiralian cleavage that can be found within this
Superphylum, from equal cleavage to unequal cleavage

and polar body formation, this provides interesting mate-
rial to help us understand the relationship between
cleavage patterns and molecular mechanisms in the
establishment of LR asymmetry.

Summary of the Lophotrochozoa: An Emerging
Picture of Cytoskeletal Architecture Linking to
Asymmetric Nodal Expression

In summary, investigation into genetic, molecular,
and cellular mechanisms underlying LR asymmetry in
the Lophotrochozoa indicate that one aspect of this
process—the role of the Nodal pathway in directing
asymmetric morphogenesis—is conserved with deuter-
ostomes. This would make it ancestral for these two lin-
eages, and hence a character of the bilaterian common
ancestor (if we exclude the acoelomorphs; Fig. 1). Axis
establishment in the Lophotrochozoa is closely linked
to the chirality of early cell cleavage, and although the
exact mechanism for establishing polarity remains
unclear, this is likely via cytoskeletal organization, cer-
tainly through spindle orientation, and possibly through
asymmetric RNA localization (although direct evidence
here is lacking). This model makes some sense when
we consider deuterostomes and ecdysozoans (as dis-
cussed below). However, it should be recognized that it
is effectively the tip of the iceberg drawn from a small
number of studies in a few species primarily within the
Gastropoda, that is, just one Class of one Phylum, the
Mollusca. We still do not know whether these mecha-
nisms are conserved in other molluscs, let alone other
lophotrochozoan Phyla.

A further consideration that influences our under-
standing of the establishment of LR asymmetry in these
taxa is that spiral cleavage is visible at the third cleavage
of spiralian embryos. This is before DV axis specifica-
tion, which occurs after the third micromere quartet
forms and is mediated by the D-quadrant macromere
(for review, see Lambert, 2010). Thus, early spirality
correlates with LR asymmetry but precedes DV specifi-
cation. As left and right sides cannot in theory be
defined until both AP and DV are established, spiral
cleavage does not break LR symmetry per se, although
may provide underlying chirality that can be “read” into
LR asymmetry after the DV axis is set. Further studies
are needed that probe the interaction between the spi-
ral third cleavage, the D-quadrant macromere, and LR
asymmetry. Much remains to be determined, and given
the diversity of the Lophotrochozoa, additional sur-
prises are possible.

LR ASYMMETRY IN THE ECDYSOZOA

Examples of asymmetry in living Ecdysozoa include the
coiling of the gut and genital apparatus in Drosopbila
melanogaster, cell lineage in Caenorbabditis elegans
embryos, and neural organization in a range of species.
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Further examples have been well catalogued and
reviewed previously (Coutelis et al., 2008; Frasnelli
et al., 2012; Palmer, 2009; Spéder et al., 2007) and
therefore will not be detailed here. Instead, we will
focus on mechanisms drawing attention to how some
ecdysozoan methods for establishing LR asymmetry
may be shared across the Bilateria.

The absence of Nodal in the Ecdysozoa suggests one
of two hypotheses; that Nodal was lost in the Ecdyso-
zoa and independently lost in the Platyhelminthes, or
that Nodal has been independently gained by the
Lophotrochozoa (apart from Platyhelminthes) and the
Deuterostomia. Given that loss of ancient genes control-
ling development is a frequent phenomenon in animal
evolution (Paps et al., 2012), and convergent gain of
such genes in such widely divergent lineages has never,
to our knowledge, been satisfactorily identified, the
most plausible scenario is that Nodal was present in the
common ancestor of the Lophotrochozoa and Deuteros-
tomia. As this common ancestor was also shared with
the Ecdysozoa (Fig. 1), we can conclude that ecdysozo-
ans primitively had Nodal (and hence a role in LR asym-
metry); however, this was either lost early in
ecdysozoan evolution or has been lost independently in
several ecdysozoan lineages. If we accept, as discussed
above, that Nodal played a role in LR asymmetry in the
bilaterian common ancestor, how and why loss
occurred raises questions as to the development of (and
indeed the presence of) asymmetry in stem group Ecdy-
sozoa. We can speculate that the role of Nodal could
have been superseded by lineage-specific mechanisms
and that asymmetry could have been lost before being
re-evolved or that developmentally earlier-acting mecha-
nisms for establishing asymmetry could be operating
without the need for Nodal to further propagate this
signal. The ultimate reasons behind such evolutionary
change will be difficult to establish without evidence
from currently understudied ecdysozoan Phyla such as
priapulids and tardigrades. However, the mechanisms
now used by ecdysozoans for establishing LR asymme-
tries seem to be based on cytoskeletal cues, and these
may at least help in understanding the ancestry of sym-
metry breaking.

Cytoskeletal Cues in Ecdysozoan LR Asymmetry

Asymmetric cell divisions play a key role in differen-
tially segregating cellular determinants in a wide variety
of species (e.g., Betschinger and Knoblich, 2004) and
have the potential to initiate the development of mor-
phological asymmetries, although hard evidence linking
such cell level processes directly to organismal LR asym-
metry is generally lacking. In C. elegans, early cell divi-
sions are asymmetric, and pioneering work by Wood
(1991) showed that physical reversal of cleavage asym-
metry by micromanipulation led to reversal of subse-

quent LR asymmetry of the «cell lineage. This
experiment is analogous to that performed by Kuroda
et al. (2009) as described above, in which lophotrocho-
zoan spiral cleavage was physically reversed with simi-
lar results. In C. elegans a chiral actin cytoskeleton is
present in the egg (Pohl and Bao, 2010). The daughter
cells that result from this polarity have markedly differ-
ent cytoplasmic constitution and size. It is hypothesized
in this species that asymmetries may be formed by dif-
ferential forces in spindle elongation due to chiral corti-
cal and cytoskeletal components, which would
generate asymmetric cell divisions (Pohl, 2011; Pohl
and Bao, 2010). This hypothesis needs to be tested in
other Ecdysozoa with asymmetric cell divisions in the
early embryo, such as the tardigrades, to understand
whether this could be an ancestrally shared mechanism
within the Ecdysozoa. A critical question remains as to
what subsequent mechanism then generates morpho-
logical asymmetry, although one recent study has
shown that in C. elegans, this may in part be based on
the regulation of cortical contractility and cleavage fur-
row formation (Pohl and Bao, 2010).

Furthermore, it is known that at the third cell cleav-
age, spindle orientation by a G protein is crucial for the
correct establishment of LR asymmetry (Bergmann
et al., 2003). These G proteins have also been shown to
have a role in the alignment of spindles in D. mela-
nogaster, by binding to atypical protein kinase C and
par proteins (reviewed by Ahringer, 2003). The par
genes, originally identified in C. elegans but now
known to be broadly conserved, are known to disrupt
this asymmetric division process when mutated, affect-
ing spindle localization (reviewed by Nance and Zallen,
2011). Par proteins are themselves asymmetrically dis-
tributed by the action of actin and myosin in the cell,
which is generally said to follow from the organization
of the cytoskeleton around the point of sperm entry
(Munro et al., 2004), and have also been identified in an
annelid (as suggested by Weisblat, 2007) and a mollusc,
with at least one mollusc Par protein able to interact
with microtubules and localizing with spindles during
early cleavage (Hozumi et al., 2000).

In concert with cytoskeletal components, molecular
motors could be the proximate cause of LR asymmetry
by asymmetric localization of cargoes such as mRNA. A
good example is the type ID unconventional Myosin
(MyoID), which has been shown to cause situs inversus
when mutated in D. melanogaster (Hozumi et al.,
2006; Spéder et al., 2006). Such molecular motors
move along F-actin in the cytoskeleton, and any asym-
metry in the actin cytoskeleton could then be translated
into transcriptional asymmetry. MyoID can also interact
with adherens junctions via (3-catenin (Petzoldt et al.,
2012; Spéder et al., 20006), and these junctions could
also act as mediators of LR asymmetry signals. Adherens
junctions have been shown to be involved with LR



466 NAMIGAI ET AL.

asymmetry in concert with cadherins in D. mela-
nogaster (Petzoldt et al., 2012) and the chick (Burdine
and Caspary, 2013). An ancestrally shared role for adhe-
rens junctions could also explain the links seen
between the Planar Cell Polarity (PCP) pathway
(reviewed by Aw and Levin, 2009), inversins (Petzoldt
et al., 2012; Watanabe et al., 2003), and LR asymmetry
in a diverse phylogenetic grouping of species. However,
this should remain a tentative conclusion, as it is easy to
imagine that convergently evolved mechanisms of asym-
metry involving epithelia would independently co-opt
the adherens junction-cadherin machinery typical of
such cells.

Conserved Cytoskeletal Mechanisms in
Ecdysozoans?

Chirality of the actin microfilament cytoskeleton
could be the root of all downstream differences in
directionality, with additional cytoskeletal components
acting on this, effectively representing the hypothetical
“F” molecule, proposed by Brown and Wolpert (1990)
as an asymmetric molecule that could integrate AP and
DV polarity to specify left from right. Both C. elegans
and D. melanogaster seem to use such a system. How-
ever, extrapolating this to conclude conservation (and
hence assuming it is ancestral for other ecdysozoans)
has caveats. First, the timing of action is quite different
in C. elegans and D. melanogaster, occurring at early
cleavage in the former and much later in development
in the latter. This may be a consequence of the unusual
mode of early development of D. melanogaster, in
which both AP and DV axes are maternally defined, a
derived condition for a subgroup of the insects. With-
out study of other arthropods and other ecdysozoan
Phyla, we cannot test this. Second, the actin cytoskele-
ton is such a fundamental component of eukaryotic
cells that convergent evolution is a clear possibility.
Identification of additional similarities in underlying
mechanisms would help to support the case for conser-
vation rather than convergence.

A Conserved Role for Other Mechanisms Between
Ecdysozoa and Other Bilateria?

Some of the genes implicated in modulation of asym-
metrical signals in deuterostomes have also been
observed playing a similar role in ecdysozoans. Notch
signaling and calcium concentration, for example, play
a role in establishing asymmetry in vertebrate embryos
(Lopes et al., 2010; Raya et al., 2003, 2004). The specifi-
cation of two neurons in C. elegans—ASE left and ASE
right—are driven by the bilaterally asymmetric activa-
tion of T-box transcription factors under the control of
calcium levels and the Notch pathway (Bertrand et al.,
2011; Poole and Hobert, 2006; Schumacher et al.,
2012). As the areas where Notch is expressed in verte-

brates and C. elegans have no obvious comparison, this
is likely to represent co-option of widely used signaling
pathways, rather than an ancestrally conserved mecha-
nism. micro-RNAs (miRNAs) have also been shown to
be involved in the establishment of asymmetry in C. ele-
gans (Johnston and Hobert, 2003); however, although
miRNAs have also been shown to regulate asymmetry
via the regulation of Nodal in a range of contexts in ver-
tebrates, there is currently no evidence for homology of
this process between the Ecdysozoa and vertebrates
(Barroso del Jesus et al., 2011; Choi et al., 2007; Mar-
tello et al., 2007).

SUMMARY AND CONCLUSIONS: AN EMERGING
PICTURE OF LR ASYMMETRY IN THE BILATERIA

The discovery of a role for Nodal in regulating LR asym-
metry in deuterostomes and molluscs has led to the
conclusion that this was ancestral for the Bilateria.
Although this needs confirmation from additional line-
ages, especially other lophotrochozoans, it suggests that
the common ancestor, the “Urbilaterian,” was asymmet-
ric, and hence that this method of regulating asymmetry
was lost by some and possibly all ecdysozoans. In chor-
dates, the sidedness has flipped, with right-sided
deployment of nodal ancestral and chordates evolving
left-sided expression instead. This very likely relates to
the DV axis inversion thought to have occurred at some
point in deuterostome evolution, which would by its
nature flip our interpretation of left and right.
Asymmetric Nodal expression is a consequence, not
a cause, of symmetry breaking. Although studies on var-
ious animal lineages point to rather different mecha-
nisms of symmetry breaking in different species (for
example as discussed above; cilia in mice, spiral cleav-
age in molluscs, and microfilament chirality in C. ele-
gans), a common theme is the use of polarized
cytoskeletal structures to generate chirality that can be
organized relative to the AP and DV axes and hence
read into LR asymmetry (as previously discussed by
Levin and Palmer, 2007; Vandenberg and Levin, 2010).
Several additional lines of evidence support a general
role for chirality of microfilaments or microtubules in
LR asymmetry. Like microfilaments, microtubules pos-
sess an inherent polarity, and in many species, this orga-
nization is the basis for differential mRNA transport
(e.g., in D. melanogaster; Roth and Lynch, 2009).
Microtubule organizing centers (both centrioles and
basal bodies) have been implicated in LR asymmetry in
a range of contexts in several species across the Bilate-
ria (Beisson and Jerka-Dziadosz, 1999; Lobikin et al.,
2012). Some studies have provided evidence for a role
for cytoskeletal cues lying upstream of LR asymmetry,
including actin cytoskeletal chirality in amphibian eggs
(Danilchik et al., 2006) and microtubule spindle organi-
zation in molluscs (Shibazaki et al., 2004). This might
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also help to explain the continued development of LR
asymmetric heart morphology in the apparent absence
of Nodal signaling in the zebrafish, which is also actin
polymerization-dependent (Noel et al., 2013).

We speculate that these are indeed aspects of an
ancestrally shared framework underlying the breaking
of LR asymmetry in the Bilateria and should be renewed
as a focus of future studies to understand symmetry
breaking during LR asymmetry establishment. Primi-
tively, it is likely that bilaterian oocytes were formed
with an axis, the animal-vegetal axis, laid down mater-
nally (Martindale and Hejnol, 2009). The DV axis is then
likely to have been determined at fertilization via sperm
entry, generating a zygote with two axes that could be
transformed into organismal AP and DV pattern. Cytos-
keletal chirality in the oocyte has the potential to inter-
act with these axes due to the polarized nature of
microfilaments and/or microtubules to break symmetry.
Downstream interpretation of broken symmetry could
take many forms, H'K"ATPase localization, mRNA
localization, directional cell movement, Nodal activa-
tion, and so forth, with the latter the best candidate for
an ancestral mechanism. This would imply that the use
of cilia to break symmetry is a chordate or vertebrate
innovation.

However, as yet, we still have too little data from
most animal lineages to reliably conclude either cytos-
keletal activity or Nodal expression was not conver-
gently evolved. Arriving at the party late, invertebrates
still have much to teach us about the development of
LR asymmetry. As we learn more about how these dis-
parate animals establish their own LR axis, our perspec-
tive on those mechanisms we see in the vertebrates and
their evolutionary origin can only improve, paving the
way toward a true understanding on the fundamentals
of this process across the Metazoa.
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IS(;J{::S;?IS' nomes for known microRNAs identifies numerous potential orthologues, including a number that have been con-
Lophotrochozoan sidered to be confined to other lineages. RT-PCR demonstrates that some of these (miR-1285, miR-1287, miR-
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1. Introduction

Originally discovered in the nematode Caenorhabditis elegans in
1993 (Lee et al., 1993), microRNAs (miRNAs) did not attract much at-
tention until the discovery of the first conserved miRNAs in animals in
2000 (Pasquinelli et al., 2000). miRNAs have important and widespread
roles in many aspects of the biology of animals, plants and even some vi-
ruses, with some playing evolutionarily-ancient roles (Bartel, 2004;
Axtell and Bartel, 2005; Plaisance-Bonstaff and Renne, 2011). For exam-
ple, it is likely that the majority of mammalian mRNAs are regulated by
miRNAs (Friedman et al., 2009), while miR-1 appears to have an ancient
role in muscle development (Kloosterman and Plasterk, 2006). As a con-
sequence, over the last decade the study of miRNAs has become a rapid-
ly moving field in a range of contexts, most commonly in study of the
post-transcriptional regulation of gene expression (see Bartel, 2009;
Hui et al.,, 2013a,b) but also in the field of phylogenetic reconstruction
(Tarver et al,, 2013; Kenny et al., 2015).
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One reason that miRNAs have been utilized in phylogenetic recon-
struction was an initially reported low rate of homoplasy (Tarver
et al., 2013). Initial investigation suggested that once miRNAs were in-
corporated into genomes, they would seldom be lost (Sempere et al.,
2006). Further studies suggested that they might be used as slow-
evolving genomic characters, such that mapping their gain across a
cladogram would allow the derivation of evolutionary relationships
(for examples, see Wheeler et al., 2009; Tarver et al., 2013). This ap-
proach has been used to shed light on several recalcitrant cases in ani-
mal phylogeny (e.g., Rota-Stabelli et al., 2010; Campbell et al., 2011;
Philippe et al., 2011). More recently, however, it has been noted that
heterogeneous rates of gain and loss of miRNA loci, as well as their sec-
ondary loss, may be more common than previously suspected, especial-
ly in some lineages, and also that sampling error has affected some
historic analyses (Fromm et al., 2013; Thomson et al., 2014; Quah
et al,, 2015). Attempts have been made to correct some of these prob-
lems via the re-analysis of previously published datasets (Field et al.,
2014). While work remains to be done in this regard, if these problems
can be addressed miRNA remain potentially useful for the reconstruc-
tion of phylogeny, and their flanking sequences have also been shown
to contain useful phylogenetic signal at the intra-ordinal and -familial
levels (Kenny et al,, 2015).
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Uneven genome sampling across animal phylogeny, however,
remains a limitation. As shown in Fig. 1A, three major clades make up
the bilaterians (Halanych et al., 1995; Aguinaldo et al., 1997).
Deuterostomia, and particularly Chordata, are relatively well sampled
genomically, and Ecdysozoa are also well represented (Kenny et al.,
2013). However the third assemblage, variously named Lophotrochozoa
or Spiralia, is relatively poorly represented in both genomic and miRNA
databases. This assemblage includes a number of phyla including
Mollusca, Annelida, Brachiopoda, Nemertea and Platyhelminthes, with
some authors using Lophotrochozoa and Spiralia synonymously, while
others reserve Lophotrochozoa for a subgroup of these phyla (for exam-
ple see Struck et al., 2014). The uneven distribution of characters, such as
stereotypical spiral cleavage, the occurrence of a trochophore larval
stage and the presence of a lophophore feeding organ, make it difficult
to decide which synapomorphy best represents this clade, which was
originally based on molecular phylogeny (Halanych et al.,, 1995). We
use Lophotrochozoa as inclusive of all these taxa, though whichever no-
menclature is adopted their poor sampling has a range of ramifications
for phylogeny reconstruction using miRNA data, and in particular the in-
ference of gains of ‘novel’ miRNA sequences in single clades.

Here, we present the draft genomic sequences of two marine
lophotrochozoans— the gastropod mollusc Patella vulgata and the
serpulid annelid Spirobranchus (Pomatoceros) lamarcki. These species
are members of diverse and ecologically vital phyla, and to our knowl-
edge are only the fourth mollusc and third annelid genome resources
to be published (after Takeuchi et al., 2012; Zhang et al., 2012;
Simakov et al., 2013). These genomes will therefore be useful for a
range of investigations.

The common European limpet P. vulgata (Fig. 1B) is a univalve gas-
tropod and typical true limpet of the family Patellidae. It is distributed
throughout Europe, as far north as the Arctic Circle and as far south as
Portugal. It is found attached to firm substrates from the high shore to
the edge of the sublittoral zone, although it predominates in areas of
wave action. The order Patellogastropoda, to which P. vulgata belongs,
can be found worldwide, and is well described with members widely
used as models in studies of ecology, development and evolution
(Lindberg et al., 1998; Nakano and Sasaki, 2011). A mantle-derived
transcriptome also exists for this species (Werner et al., 2013).

S. lamarcki (Fig. 1C) is a tube-building serpulid worm which is wide-
spread in intertidal and sublittoral zones around the United Kingdom
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and northern Europe. They attach to firm substrates and are noted for
their detrimental effect on shipping, earning them the common name
‘keelworm’ (Hamer et al., 2001). S. lamarcki is also a useful model for
embryological work, as it provides a readily-accessible source of embry-
onic and larval material (McDougall et al., 2006) and both a S. lamarcki
EST dataset (Takahashi et al., 2009) and embryonic transcriptome
(Kenny and Shimeld, 2012) are available. S. lamarcki is a member of
the newly redefined Sedentaria class, as is the only other available poly-
chaete genome Capitella teleta, however it is relatively phylogenetically
distant from both C. teleta and Helobdella robusta, the other published
annelid genome (Struck et al., 2011; Simakov et al., 2013). We note
that S. lamarcki has recently been the subject of taxonomic revision and
the name is synonymous with Pomatoceros lamarcki and Pomatoceros
lamarckii (which are widely used in the literature) (ten Hove, 2015).

Our draft genome assemblies recover 578,961,269 and
964,274,156 bp of sequence for P. vulgata and S. lamarcki respectively.
Using the known catalogue of metazoan miRNAs as the queries for
BLAST searches for initial assignation of identity, several unexpected
miRNA candidate loci (miR-1285, miR-1287, miR-1957, miR-1983 and
miR-3533) were found to be present in these lophotrochozoans. This
study provides new genomic resources for an undersampled clade,
and suggests that broader sampling will be useful for revealing the evo-
lutionary history of miRNAs.

2. Materials and methods
2.1. P. vulgata DNA extraction and genome sequencing

Adult P. vulgata were collected from Tinside, Plymouth, UK. Gonads
were dissected from a single male and left in a petri dish in filtered sea-
water to allow sperm to disassociate from somatic tissue. Large frag-
ments of somatic tissue were removed from the petri dish, and the
liquid including sperm transferred to a 15 mL tube. This was then
spun at 4000 RPM at 4 °C for 5 min. The supernatant was then removed,
and the pellet washed thrice in 3 times its volume of 1x PHB (0.1 M
EDTA, 50 M Tris, 2.5% SDS, in distilled water), and spun at 4000 RPM
at 4 °C to pellet following each wash step. 1 mL PHB containing 3 pL of
5 M NaCl and 60 pL of 10 mg pL~ ' Proteinase K was then added to
the pellet, which was gently pipetted. This was then left overnight at
50 °C. After digestion, the solution was phenol/chloroform extracted, a

Spirobranchus (Pomatoceros) lamaréki

Fig. 1. A representative phylogeny of bilaterally symmetrical animals, sampling at the genomic level across the Bilateria, and images of Patella vulgata and Spirobranchus (Pomatoceros)
lamarcki. A. Phylogeny is representative and based on a consensus of recent studies. Numbers cited in figure taken from GOLD (Reddy et al., 2014). ‘Complete’ refers to the GOLD nomen-
clature differentiating finalized projects from those still underway. B. Oblique (left) and ventral (right) view of adult P. vulgata. C. Adult S. lamarcki (left), and calcareous tube in situ on a

rock gathered from Plymouth seafront (right).

Please cite this article as: Kenny, N.J.,, et al., Draft genome assemblies and predicted microRNA complements of the intertidal lophotrochozoans
Patella vulgata (Mollusca, Patelloga..., Mar. Genomics (2015), http://dx.doi.org/10.1016/j.margen.2015.07.004



http://dx.doi.org/10.1016/j.margen.2015.07.004

NJ. Kenny et al. / Marine Genomics xxx (2015) xxx-xxx 3

process which was repeated three times (at which point no identifiable
protein layer was observed). The DNA pellet was then ethanol precipi-
tated. The washed pellet was then left to air dry at room temperature,
and resuspended in 100 pL milliQ filtered water. DNA concentration
was determined using a Nanodrop 1000 spectrophotometer.

A sample of genomic DNA was prepared for sequencing by the High-
Throughput Genomics Group at the Wellcome Trust Centre for Human
Genetics (Oxford, UK) with nominal fragment size libraries of 200 bp
and 500 bp. Genomic DNA from the same sample has been stored for fu-
ture sequencing. A single lane of Illumina HiSeq 2000 was generated,
with 100 bp paired end read length. Initial assessments of the quality
of the genomic data were performed using FastQC (Andrews, 2010).
The NCBI SRA has been used as the long term repository for raw read
data, which are available under the accession number SRP055157.

2.2. S. lamarcki DNA extraction and genome sequencing

S. lamarcki adults were collected from the coast of Tinside, Plymouth,
UK and maintained in an aquarium at 12 °C. Genomic DNA (gDNA) was
extracted from the sperm of a single adult worm. Sperm were homoge-
nized using an RNase-free polypropylene pellet pestle, washed three
times with 2 x PHB buffer, and digested overnight in 0.015 M NaCl
and Proteinase K (0.6 ug ml~1) at 50 °C. gDNA was extracted by three
phenol-chloroform extractions followed by one chloroform extraction
with a 15-30 min rotation. Samples were extracted twice with chloro-
form and incubated in 0.1 volumes of 5 M Sodium acetate and 2.5 vol-
umes of 100% ethanol at —20 °C overnight. gDNA was washed twice
with 70% ethanol, air-dried at room temperature, and resuspended in
100 pl of distilled water. Sequencing was performed by the Wellcome
Trust Centre for Human Genetics (Oxford, UK) using a single lane on
the Illumina HiSeq 2000 with 100 bp paired-end reads, multiplexing
two libraries (nominally 201 bp and 500 bp fragment library sizes,
including read length). Some gDNA was retained for future sequencing,
Quality was assessed using FastQC (Andrews, 2010). Raw reads have
been uploaded to the NCBI SRA, and are available under the accession
number SRP055158.

2.3. Genome assembly and coverage

Several assembly programmes (Velvet, ABySS, SOAPdenovo) were
trialled at a variety of k-mer lengths and the ‘best’ assembly determined
empirically from contig sizes and genome coverage as estimated from
total number of base pairs in long (>1 kb) contigs. Genome sizes were
estimated for both species using k-mer spectrum approach by counting
all occurrences of 21-mers in sequenced data with Jellyfish (Fig. 2),
where k coverage is translated into actual sequencing coverage using
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the equation C, = Cx(L — k + 1) / L, where C is real coverage, L is
read length, k is k-mer size and Cy is k-mer coverage. Read cleaning
and error correction was attempted for P. vulgata, but was found to de-
crease quality of final assembly as assayed by the metrics used above.
Error correction was performed with Quake (Kelley et al., 2010) using
a 19-mer for S. lamarcki. For P. vulgata ABySS 1.3.4 (Simpson et al.,
2009) at a k-mer length of 57 (abyss-pe driver script and all default set-
tings) was used for further analyses, while for S. lamarcki SOAPdenovo2
(Luo etal.,, 2012) at a k-mer length of 51 was used. Final metrics relating
to genome assemblies presented here can be seen in Table 1. Genome
assemblies themselves are available from the Oxford Research Archive
under DOI: 10.5287/bodleian:xp68kh25x.

To assess the quality of genome assemblies, we first assayed the re-
covered fraction of sets of conserved eukaryotic orthologues in those as-
semblies using CEGMA (Parra et al., 2007) and BUSCO Version 1.1b
(Simdo et al., 2015). We then determined the mapping rates of RNA-
seq data using the STAR splice-aware aligner to map previously pub-
lished transcriptomic data (Method: Dobin et al., 2013. Transcriptomes:
Werner et al., 2013; Kenny and Shimeld, 2012, available under acces-
sion SRA055301).

2.4. miRNA searches and identification

Genomes were compared to all known metazoan miRNA sequences,
as downloaded from miRbase (Griffiths-Jones et al., 2008) on the 6th of
February 2013 using BLASTN with the following settings: —word_size
11 -reward 5 -penalty — 4 -gapopen 8 -gapextend 6. Putative miRNA se-
quences obtained by blast were checked to confirm that both arms of
the putative miRNA were present, for general homogeneity of 5’
(seed) sequence, for robust hairpin structures and for a lack of similarity
to known protein, tRNA or rRNA sequences. These criteria are similar to
those found in Tarver et al. (2012) and Quah et al. (2015), although as
small RNA libraries were not sequenced as a part of our investigation,
criteria related to processing and overhang listed in Tarver et al.
(2012) were not included in our process. We also performed BLASTN
comparison of identified contigs to the NCBI nr database to exclude
the possibility that contamination with human DNA (or DNA from
other species represented in this database) underlay the identification
of candidate miR loci.

2.5. Transcriptional validation of predicted miRNAs
RNA was extracted from P. vulgata (head, mantle and foot samples)
and S. lamarcki (whole adult) samples using a miRVana kit (Life

Technologies) and residual gDNA removed using a Qiagen RNeasy kit
with on-column DNase treatment according to the manufacturer's

Spirobranchus lamarcki

80M -

60M

40M -

Frequency

20M 4

OM

21-mer coverage

Fig. 2. Coverage distributions of sequence read data. 21-mer distribution showing k mer coverage peak (22x and 12/24 x in P. vulgata and S. lamarcki respectively) that are translated into
actual sequencing coverages using the equation C, = Cx(L — k + 1) / L, where C is real coverage, L is read length, k is k mer size and Cy is k mer coverage.
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Table 1

Sequencing and assembly statistics for Patella vulgata and Spirobranchus (Pomatoceros)
lamarcki genomes. Note: the word ‘contig’ is used as no long mate pair libraries were used
for scaffolding our assemblies.

Species/Metric (bp unless stated)  Patella vulgata Spirobranchus

lamarcki
Number of 2*100 bp Paired End 118,329,948 119,500,405
Fragments (200 bp library)
Number of 2*100 bp Paired End 69,107,905 67,048,915

Fragments (500 bp library)
Min contig length 300 300

Max contig length 47,432 37,132
Mean contig length 1960.27 1327.69
Std deviation of contig length 2199.21 143937
Median contig length 1224 848

N50 contig length 3160 1939
Number of contigs 295,348 726,277
Number of contigs > = 1 kb 170,706 311,778
Number of contigs in N50 51,138 135,692
Number of bases in all contigs 578,961,269 964,274,156
No. of bases in contigs > = 1 kb 506,356,838 726,465,383

GC Content of contigs (%) 35.18 27.97

N content of contigs (%) 0.00062 0.53485
Genome size (Gbp) 1.46 (perl)/0.95 (k mer) 1.25

Overall Coverage 25.60x% (perl)/28.2x (kmer) 15/30x
k mer Coverage (21mer) 22x 12/24 %

protocol. No correction to the protocol was made for small RNA size, so
some small RNAs may have been lost at this step. cDNA was generated
from RNA using a Takara Primescript Reverse Transcriptase (RT) kit,
with negative RT controls made using equal quantities of RNA but no
Primescript 5X solution. Primers designed using Primer3Plus were
used to perform PCR at the following settings: 94 °C 3 min, 35x (94
°C305s,55°C30s,72°C30s), 72 °C 7 min. Samples were run in 2%
w/v agarose gels alongside 1 kb + (Invitrogen) ladder. Primers used
to perform PCR, alongside details of band sizes and miRNA
identity can be seen in Table 2. Gel bands were excised and DNA
extracted using a Qiagen Qiaquick gel extraction kit. Bands were
cloned into pMD18T vector, transformed into DL-1 E. coli and
plasmid DNA miniprepped with a Qiagen Qiaprep spin miniprep kit
after blue/white selection. Sequencing was performed by Techdragon
(Hong Kong) using M13-47 primer on an Applied Biosystems 3730xI
DNA Analyser.

Table 2
miRNAs amplified from RNA samples to confirm expression, with primer sequences and
predicted band size.

miRNA: Primers: Expected Band
Size:
P. vulgata 5 s rRNA F: ACCACGTTGAAAACACCAGTTC 81bp
(control) R: CGGTCACCCATCCAAGTACTAA
S. lamarcki 5 s rRNA F: GCCATACCACGCTGAATACAC 50 bp
(control) R: GCTTAACTCCCGTGATTGGA
S. lamarcki miR-1285  F: GGATAGCACCTGTGAATAGGC 51bp

R: CCAGCTATGTTGGACAGGCTA
F: CGAAGATTCTAGAAAAGTGGTTCGAG 73 bp
R: GCACCTATCACTGAATCTGTTGC

S. lamarcki miR-1287

P. vulgata miR-1957 F:GGGATGTAGCTCAGTGGTAGAG 54 bp
R: GAACCCGGGGCCTTTCAC
P. vulgata miR-1983 F: AGCGCGCCGTACTTATAGACAG 83 bp

R: GTGAGGCTCGAACTCACAACCT

S. lamarcki miR-1983 ~ F: CAGCCCCAGTAGCTCAGTCG 124 bp
R: AAAACAATTGCCCCAGGTGA

P. vulgata miR-3533 F: GGCATGGAATCTTCTGGTATTC 78 bp
R: CAAGTCTTTACGGATATCAACATCAC

S. lamarcki miR-3533 ~ F: CGAGACCACCTACAACAGCA 60 bp

R: GCGTACAAGTCCTTACGGATG

3. Results
3.1. Statistics on assemblies

FastQC assessment of read quality ascertained raw read data to be
excellent, with median PHRED scores above 30 through to the 100th
base for both read directions in all libraries in both species. Despite
this, QUAKE-treated S. lamarcki read genome assemblies were empiri-
cally found to be better than those constructed from raw reads alone,
and were thus used for further analysis. The genomic datasets presented
here comprise 578,961,269 and 964,274,156 bp of sequence for
P.vulgata and S. lamarcki respectively. Genome sizes were independent-
ly estimated from raw read data using the k-mer spectrum approach,
which assesses coverage peak based on k-mer count (Fig. 2). We
found an approximate genome size of 1.46 Gbp (25.7x base pair
coverage) in P. vulgata using the estimate_genome_size.pl script
(Ryan, 2013), and an estimate of 0.95 Gbp (22x k-mer coverage,
28.2 x base pair coverage) using the k-mer spectrum approach, with a
single peak of k-mer coverage. Conversely, we observed a double peak
(12 x and 24 x) in the k-mer distribution of S. lamarcki which is the hall-
mark of high heterozygosity content (Kajitani et al., 2014), and when
summed is consistent with a genome size of 1.25 Gb. We therefore re-
cover approximately 50% and 80% of the estimated genomes of these
species. This shortfall is likely explained by the misassembly of the re-
petitive fraction in these genomes, and the moderate coverage and
short fragment sizes libraries used for assembly will make proper recov-
ery of these portions of the genome challenging.

Our genome size estimates are consistent with previous experimen-
tal measures for P. vulgata and S. lamarcki, which indicate respective
sizes of 1 Gbp and 1.2-1.5 Gbp according to the Animal Genome Size
Database (www.genomesize.com/). The C-value (in pg) of the ten spe-
cies of Patellogastropoda as extracted from this database varies between
0.43 (Lottia gigantea) and 0.94 (Acmaea mitra). The P. vulgata genome is
therefore larger than that of all other patellogastropods, but we note
that our wild-collected individual is likely highly heterozygous, which
may artificially inflate our estimate. Annelid genome sizes vary widely,
from the exceptionally small (Dinophilus gyrociliatus, 0.06 pg (Soldi
et al., 1994)) to the very large (Spirosperma ferox, 7.64 pg; Gregory
and Hebert (2002)), and S. lamarcki is therefore within the normal
range for annelid genome size.

The P. vulgata GC percentage, 35.18%, is similar to that found in a
previous transcriptomic study (Werner et al., 2013: 33.56%), as well as
resembling that seen in other molluscs. However, at 27.97%, the GC con-
tent of the S. lamarcki genomic assembly is exceptionally low. It is mark-
edly lower than that seen in previous EST (42.42%, Takahashi et al., 2009)
and transcriptome (43.33%, Kenny and Shimeld, 2012) analyses. It is also
lower than that recorded in previously published annelid datasets
(Capitella teleta 40%, Helobdella robusta 33%; Simakov et al., 2013).
Whether this reflects the biology of these organisms or is the result of
bias in our genomic sequencing and assembly remains to be confirmed.

Contiguity is generally low, although a sizeable percentage of the as-
semblies are contained in contigs longer than 1 kb in length (87.5% of
P. vulgata and 75.3% of S. lamarcki). At this size, contigs can easily be
assayed for protein domain content, allowing identification of genes as
well as some information about intronic and non-coding regions. The
N50 results (P. vulgata: 3160, S. lamarcki: 1939) are also of sufficient
length to ensure many regions of the genome have adequate contiguity
for establishing whole gene sequence.

3.2. Assessment of assembly quality

Our genome assemblies contain 68/248 (27.42%) complete, 144/248
(58.06%) partial (P. vulgata) and 6/248 (2.42%) complete, 31/248
(12.50%) partial recovery (S. lamarcki) of the core eukaryotic gene map-
ping dataset as assessed by CEGMA (Parra et al., 2007). To confirm these
statistics, we utilized BUSCO (Simdo et al., 2015), which returned similar
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results to CEGMA. Of the BUSCO set of 843 metazoan orthologues,
P. vulgata possessed 177 complete, 7 duplicated, 165 fragmented
and 501 missing genes, for a total recovery of 41% of the dataset.
S. lamarcki's assembly contained 12 complete, 0 duplicated, 27
fragmented and 804 missing genes (5% recovery).

The poor recovery in S. lamarcki is probably a consequence of the
low contiguity of the genome assembly. To test whether these genes
were present but unrecovered by CEGMA or BUSCO due to low contig
length, we ran TBLASTN against the genome assemblies using the 843
BUSCO orthologs as queries, with an E value cut-off of 1e-6. Of these,
798 (94.7%) of these had at least one hit in P. vulgata, and 709 (84.1%)
in S. lamarcki. This is an overestimation of their recovery, as there will
be shared domains in some of these proteins capable of generating a
hit above threshold, but indicates the assemblies possess more of the
coding fraction of the genomes than raw CEGMA or BUSCO output sug-
gests. There was also only a 10.6% difference between S. lamarcki and
P. vulgata using this approach, compared to 25% to 45.56% for CEGMA
and BUSCO, indicating that the greater CEGMA/BUSCO recovery from
P. vulgata may be a consequence of its increased average contig length.
Finally, comparison of published transcriptome data to the assemblies
using the STAR splice-aware aligner found higher levels of recovery,
with 77.07% (P. vulgata) and 33.66% (S. lamarcki) of RNA-seq reads
mapped. We conclude that while contiguity is limited (especially for
S. lamarcki), we recover the majority of P. vulgata coding sequence
and a considerable proportion S. lamarcki coding sequence in the as-
semblies. Further, low contiguity is less likely to affect the detection of
miRNA loci, which are very short in length.

3.3. In silico identification of miRNA genes

Using the complete miRNA dataset contained in miRbase we recov-
ered 45 (P. vulgata) and 54 (S. lamarcki) putative miRNAs (Supplementary
File A). This is less than the number of miRNAs catalogued for Lottia
gigantea (59) and Capitella teleta (129) (mirBase v21), but higher than
the number reported in other lophotrochozoan species such as Platynereis
dumerilii (34; Christodoulou et al.,, 2010). Nineteen of these putative
miRNAs were found in both P. vulgata and S. lamarcki, increasing confi-
dence that they are bona fide miRNAs.

Of the canonical miRNA families, we recovered a large number of
well-conserved examples (as described in Wheeler et al., 2009) from
both genomes. Eumetazoan miRNA families such as miR-100, and
bilaterian families such as miR-7, miR-8 and miR-9 (among many
others) were found in both genomes. We were also able to find miRNAs
only previously described in molluscs or annelids (Wheeler et al., 2009;
Tarver et al., 2013) in P. vulgata and S. lamarcki respectively, such as miR-
1985, miR-1986 and miR-1988 in P. vulgata and miR-1996 and miR-2000
in S. lamarcki. These findings reinforce the categorisation of these partic-
ular miRNAs as gastropod and annelid synapomorphies respectively
(e.g. Tarver et al., 2013).

Surprisingly, we also noted the presence of a range of miRNA fami-
lies that had been previously described as confined to lineages other
than Lophotrochozoa. For example, miR-1285, miR-1287, miR-1957,
miR-1983 and miR-3533 (undescribed outside Vertebrata), miR-3350
(described only in silkworm; Cai et al. (2010)) and miR-494 and miR-
767 (only reported in eutherians; Tarver et al. (2013)), were found in ei-
ther S. lamarcki, P. vulgata, or both.

To ascertain whether these genes are present more broadly
across the Lophotrochozoa, we first checked them against published
lophotrochozoan miRNA sequences that have not been accessioned into
miRbase (Xue et al.,, 2008; Christodoulou et al., 2010; Bao et al., 2014),
but none of these mIRNAs have previously been noted. To check whether
this was through oversight rather than true absence, we searched the
published genomes of the molluscs P. fucata, Cgigas and L. gigantea and
the annelids H. robusta and C. teleta for these sequences. miRNAs miR-
494, miR-767, miR-1287 and miR-3350, were not identified in the other
lophotrochozoan species examined, a finding that supports reports of

heterogeneous rates of gain and loss (Fromm et al., 2013; Thomson
et al,, 2014). However candidate miR-1957, mir-1983 and mir-3533
sequences were found in all lophotrochozoan genomes examined,
suggesting that these species possess an as-yet uncharacterised diversi-
ty of miRNA genes (Supplementary File B). Some miRNAs, such as the
putative L. gigantea miR-1957, are 100% identical to their P. vulgata
counterpart. These three miRNAs could therefore have been present in
the common ancestor of molluscs and annelids, but be as yet unidenti-
fied in living descendant by small RNA sequencing approaches.

3.4. Verification of transcription

In order to discern whether these surprising putative miRNAs were in
fact transcribed, we extracted short fragment RNA from head, mantle and
foot tissue of P. vulgata and from whole adult S. lamarcki. We then used
RT-PCR to assay for the presence of several miRNA, using primers as de-
scribed in Table 2. Not all miRNA sequences identified in our analysis
were found to be transcribed in these samples. At present, we could not
differentiate whether this could indicate the predicted miRNAs are arte-
facts, or whether they are expressed in tissues or stages we did not exam-
ine. Positive results are shown in Fig. 3C. In both P. vulgata and S. lamarcki,
evidence for the transcription of the miR-1983 and miR-3533 loci was ob-
tained (Fig. 3C): these miRs have been previously only described in mice
(Babiarz et al., 2008) and/or other vertebrates (Wang et al., 2009; Vegh
et al.,, 2013). In addition, we also noted the transcription of miR-1957
(mouse specific; Kuchenbauer et al. (2008)) in P. vulgata and miR-1285
and miR-1287 (vertebrate specific; Strozzi et al. (2009), Brameier
(2010), Meunier et al. (2013)) in S. lamarcki. Together this provides evi-
dence for the transcription of several of these miRNA loci. It should how-
ever be noted that miRbase shows miR-3533 as so far only identified in
chicken and cow, and in both cases as mapping to a region of the genome
that also encodes an actin gene. This co-localisation with actin genes is
also found in our lophotrochozoan sequences, and may both contribute
to the level of homology as shown in Fig. 3A and underlie its transcription.

4. Discussion and conclusions

The two genome assemblies presented here will be useful for a
range of investigations, given the currently sparse sampling of
lophotrochozoans. Our preliminary assemblies and k-mer based ge-
nome size estimates also provide a basis for establishing appropriate
strategies to improve genome assembly in these and related species.
As with some other recently-sequenced marine animals, such as the pa-
cific oyster Crassostrea gigas (Zhang et al., 2012) and the cephalochordate
Branchiostoma belcheri (Huang et al., 2014), these two genomes are high-
ly polymorphic. This is likely explained by very large effective population
sizes deriving from planktonic larval dispersal (Romiguier et al., 2014).
High levels of polymorphism represent a challenge for assembly and an-
notation. Nevertheless, while contiguity is low, assembly is still sufficient
to carry out the miRNA analysis described here.

miRNAs represent potentially useful, slow-evolving characters for
the inference of phylogeny, and have been used to suggest solutions
to a variety of recalcitrant problems in metazoan phylogeny. However,
given the sparse and biased nature of our sampling of genomic diversity
across the tree of life, it would perhaps be better to adopt caution when
making claims as to the phylogenetic inter-relationships of taxa, espe-
cially in cases where only a small number of miRNAs are used as the
basis for such claims, or where only single datasets are utilized as the
raw material for such inference. Here, we show that an informative sur-
vey of miRNAs is possible through moderate coverage genome sequenc-
ing and assembly, and we suggest a similar approach might be applied
more broadly across animal diversity. We found many (45 P. vulgata
and 54 S. lamarcki) putative miRNAs in our datasets, representing a con-
siderable proportion of the expected complements of lophotrochozoans
when compared to the well-annotated L. gigantea and C. teleta genomes.
The discovery of potential mollusc- and annelid-specific miRNAs in
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Fig. 3. Evidence for the Expression of “Vertebrate like” miRNA in Patella vulgata and Spirobranchus (Pomatoceros) lamarcki. A. Example alignments of novel miRNA candidates with known
orthologues. B. Hairpin structures of example miRNAs, S. lamarcki miR-1285 and P. vulgata miR-1983, as displayed by RNAfold (Gruber et al., 2008) with positional entropy values
displayed. C. RT-PCR results showing the expression of miRNAs in both species examined. + and — indicate analyses conducted with and without reverse transcription (RT). Note the
presence of a weak band indicating amplification of small amounts of residual genomic DNA in the 5 s RNA band for P. vulgata —RT sample (due to the high copy number of rRNA

genes in the genome). We did not observe bands indicating miRNA sequence amplification in other -RT controls. Smears at the base of miR-1983 in P. vulgata are primer dimers, a
weak band can be seen above in +RT lane.

P. vulgata and S. lamarcki respectively also reinforces the likelihood that While miR-1957, miR-1983 and miR-3533 (noting the caveat for mir-
those particular genes are synapomorphies of these clades, rather than 3533 described above) are found in both the species examined here and
limited to the (often single species) samples where they were first de- other sequenced lophotrochozoan species, some of the more surprising
scribed. This demonstrates the utility of extra datasets when addressing findings are limited to only one of the two assemblies described here, as
the still under-researched field of miRNA evolution. can be seen in Fig. 4. When coupled with their absence from other
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Fig. 4. Distribution of phylogenetically distant miRNA gene apparent homologues.
Phylogenetic distribution of miRNA genes of apparent homology discussed in this paper.
Those shown in black have been described previously, while those shown in red, bolded
text are described for the first time in this paper. Those underlined have further been
shown to be transcribed in S. lamarcki (Annelida) or P. vulgata (Mollusca).

sequenced lophotrochozoan genomes, this raises the possibility of homo-
plasy, notably for the putative miR-494, miR-767, miR-1287 and miR-3350.
However sampling of animal, and particularly lophotrochozoan,
phylogeny remains too sparse to assert with full confidence whether
the sequences found, particularly those of miR-494, miR-767, miR-1287
and miR-3350, could have arisen by convergent evolution or are the
remnants of prevalent loss across metazoan phylogeny. These compet-
ing hypotheses will be better tested when a broader range of genomes
are available, drawn from the widest possible range of bilaterian spe-
cies. Datasets such as the ones presented here represent key compari-
son points in the interim. Either way, however, the identification of
unexpected miRNA sequences in these species suggests that current as-
sumptions concerning the utility of miRNAs in reconstructing phyloge-
ny need qualification: either more loss has occurred across metazoan
phylogeny than postulated previously, or convergent evolution across
wide evolutionary distances is possible. The complex evolutionary his-
tory of miRNAs is interesting in light of the important role that they
play in animal biology, and understanding the true nature of their
gain and loss will be vital for an understanding of how miRNAs
influence and are influenced by genomic evolution.

Without detailed cataloguing of miRNA family sequences in a more
diverse range of animals, some of the key assumptions made about
miRNAs for use in phylogeny will remain untested. Only greater density
of sampling across the metazoan tree of life will reveal further the true
nature of miRNA conservation and loss. The two novel lophotrochozoan
genomes presented here, as well as being useful for a wide range of in-
vestigations, are another step in this process.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.margen.2015.07.004.
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ABSTRACT TGF-B signalling plays a key role in the patterning of metazoan body plans and growth.
It is widely regarded as a ‘module’ capable of co-option into novel functions. The TGF-$ pathway
arose in the Metazoan lineage, and while it is generally regarded as well conserved across evolu-
tionary time, its components have been largely studied in the Ecdysozoa and Deuterostomia.The
recent discovery of the Nodal molecule in molluscs has underlined the necessity of untangling this
signalling network in lophotrochozoans in order to truly comprehend the evolution, conservation
and diversification of this key pathway. Three novel genome resources, the mollusc Patella vulgata,
annelid Pomatoceros lamarcki and rotifer Brachionus plicatilis, along with other publicly available
data, were searched for the presence of TGF-g pathway genes. Bayesian and Maximum Likelihood
analyses, along with some consideration of conserved domain structure, was used to confirm gene
identity. Analysis revealed conservation of key components within the canonical pathway, allied
with extensive diversification of TGF-f ligands and partial loss of genes encoding pathway inhibi-
tors in some lophotrochozoan lineages. We fully describe the TGF-g signalling cassette of a range
of lophotrochozoans, allowing firm inference to be drawn as to the ancestral state of this pathway
in this Superphylum. The TGF-§ signalling cascade’s reputation as being highly conserved across
the Metazoa is reinforced. Diversification within the activin-like complement, as well as potential
wide loss of regulatory steps in some Phyla, hint at specific evolutionary implications for aspects
of this cascade’s functionality in this Superphylum.

KEY WORDS: 7GF-, Lophotrochozoa, BVIP Activin, signalling

Introduction

The TGF-p signalling pathway (Fig. 1A) has been well studied
in a wide variety of traditional model systems, and is regarded
as a ‘module’ (Wagner 1996) capable of regulating homeostasis,
growth, and differentiation in a range of contexts (Derynck and
Miyazono 2008, Moustakas and Heldin 2009, Massagué 2012).
While the TGF-p pathway most likely arose in its canonical form
in the metazoan common ancestor (Pang et al., 2011), its diver-
gence across the Metazoa and the ancestral roles played by its
components are still in many ways unknown.

Attempts have been made to categorise the ancestral metazoan

TGF-p cassette (Herpin et al., 2004, Matus et al., 2006, Adamska
et al., 2007, Huminiecki et al., 2009). According to such analysis
it is known that the original Metazoan repertoire consisted of at
least four TGF-p receptors and four Smads (Suga et al., 1999,
Huminiecki et al., 2009), although the extent of the original ligand
cassette and regulatory repertoire remains uncatalogued. While

Abbreviations used in this paper: BAMBI, BMP and activin membrane-bound inhi-
bitor; TGE transforming growth factor; BMP, bone morphogenic protein; JTT,
Jones-Taylor-Thornton; ML, maximum likelihood; R-Smads, receptor-regulated
Smads; Tsg, twisted gastrulation; WAG, Whelan and Goldman.
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fully-fledged TGF-p signalling components have not yet been
found outside the Metazoa, the choanoflagellate Monosiga brevi-
collis has been shown to possess a gene with an MH2 domain
similar to that of a Smad class protein (Srivastava et al., 2010,
Pang et al., 2011). Both the placozoan Trichoplax adhaerens and
the ctenophore Mnemiopsis leidyi have a fairly complete central
signalling pathway complement (Humineicki et al., 2009, Pang et
al., 2011), and sponges possess at least the basic receptor and
Smad complements found in the Bilateria (Suga et al., 1999). The
evolution of some elements of the cassette is less well understood,
particularly those components that act to modulate signalling.

The TGF-p signalling pathway has been well studied in tradi-
tional ecdysozoan (van der Zee et al., 2008) and deuterostome
(Massagué et al., 2000) model systems such as Drosophila me-
lanogaster and Mus musculus. The few attempts that have been
made at categorizing elements of the lophotrochozoan TGF-3
cassette have typically been limited to individual elements and/
or single species (for example, Herpin et al., 2005, Freitas et al.,
2007, Kuo and Weisblat 2011). Discoveries such as that of Nodal
in the Mollusca (Grande and Patel 2009) have led to further inter-
est in the true pattern of conservation and diversification of genes
in this pathway. With the genomic resources now on-hand we
should be able to trace its ancestral form and function, at least
across the Bilateria.

In essence while the TGF-p pathway regulates a number of
highly complex processes in animal tissues its core mode of action
is simple, and can be seen schematically in Fig. 1A. TGF-f ligands
form dimers and bind sequentially to Type Il and Type | receptors,
which form a complex and are phosphorylated. Upon activation of
the Type | receptor within the signalling complex, receptor-regulated
Smads (R-Smads) are recruited from the cell membrane with the
aid of proteins such as Smad anchor for receptor activation (SARA)
(Itoh and ten Dijke 2007). R-Smads are then phosphorylated and
activated by the receptor complex (Massagué etal.,2005). R-Smads
can be divided into two families, depending on the ligands to which
they respond— Mad/Smad 1/5/8 responds to BMP signalling, and
Smox/Smad 2/3to TGF-p, Activin, and Nodal signalling (Heldin and
Moustakas 2012). Once activated, R-Smads bind to a co-Smad
(Medea/Smad 4) to form a complex that mediates transcription in
the nucleus, resulting in up- and down-regulation of target genes
(Ross and Hill 2008). Inhibitory Smads (known as Dad or Smad
6/7), compete with R-Smads for activation by receptor complexes,
thus regulating the pathway (Ross and Hill 2008).

Complexity is introduced to the TGF-f signalling cascade by the
diversity of regulatory mechanisms which modulate it both extra-
and intra-cellularly, and which are perhaps more free to vary than
the core signalling cascade. TGF-f3 ligands can be removed from
the extracellular environment by ligand traps, such as the Chor-
dins, Noggins and DANs (Balemans and Van Hul 2002). These
are vital for many aspects of development, including the correct
specification of dorsoventral polarity, and have been catalogued in
ecdysozoans and deuterostomes (Holley et al., 1995). It has been
observed that ecdysozoans have less diversity in these protein
classes than vertebrate models (van der Zee et al., 2008). Tolloid,
a zinc metalloprotease, is capable of cleaving Chordin, hence re-
releasing the trapped ligand, as well as cleaving other potential
repressors of TGF-f signalling, such as proteoglycans (Scott et
al., 1999). This plays a key role in establishing the body plan of
early embryos, including those of lophotrochozoans (Herpin et al.,

2007). TGF-p ligand binding to receptor serine/threonine kinases
can also be up- or down - regulated at the cell surface by mem-
brane anchored co-receptors and receptors (Shi and Massagué
2003). Some co-receptors, such as Cripto and the EGF-CFC class
of genes, allow active ligand-receptor complexes to be formed by
acting as cofactors and are vital for the function of some ligands
(Cheng et al., 2003, Shen and Schier 2000). Down-regulation can
be performed by pseudoreceptors such as BMP and membrane
bound inhibitor (BAMBI, also known as Nma), which compete
with functional Type | receptors for ligand binding (Onichtchouk
et al., 1998). The existence of these regulatory mechanisms has
been noted in protostomes previously (van der Zee et al., 2008),
but the degree to which these are conserved across the Bilateria
is unknown, and the possibility that these regulatory mechanisms
have diversified, changed in function or have been lost in some
lineages is yet to be explored.

Further intracellular regulation of TGF-p signalling also occurs.
FKBP12, Dad/SMAD?7 recruited E3 ubiquitin ligases and SMAD
ubiquitination regulatory factors (SMURFs) can up- and down-
regulate signalling within the cell (Shi and Massagué 2003, ltoh
and ten Dijke 2007). These, and other regulatory mechanisms,
often participate in other signalling cascades. The full repertoire
of regulatory interactions with the TGF-p cascade is beyond the
scope of this manuscript, and we refer the interested reader to the
detailed reviews available on this topic (e.g. Shi and Massagué
2003, Moustakas and Heldin 2009, Al-Salihi et al., 2012).

For all its importance and ubiquity, the TGF-f pathway within
the Lophotrochozoa has yet to be satisfactorily documented. Some
studies have found evidence of diversification at the ligand level
within the leech Helobdella robusta (Kuo and Weisblat 2011) and
platyhelminthes (Gavino and Reddien 2011, Freitas et al., 2007),
while other aspects of the signalling pathway may be conserved
(Molina et al., 2011) although this is unclear (Kuo and Weisblat
2011). The identification of the full signalling complements of a
number of lophotrochozoan species should provide a springboard
for the disentanglement of this network.

Here we present a comprehensive catalogue of the compo-
nents of TGF-B signalling in members of the lophotrochozoan
Superphylum (Fig. 1B), allowing for the first time a Metazoa-wide
understanding of the evolution and divergence of this crucial signal-
ling pathway. We investigated the genomes of the mollusc Lottia
gigantea, the annelid Capitella teleta (Simakov et al., 2013), the
bdelloid rotifer Adenita vaga (Flot et al., 2013) and the planarian
Schistosoma mansoni (Berriman et al., 2009), along with tran-
scriptomic and novel genomic resources for the monogont rotifer
Brachionus plicatilis, limpet mollusc Patella vulgataand the serpulid
annelid Pomatoceros lamarcki. We demonstrate the existence of
the majority of the core TGF-p cassette in the Lophotrochozoa,
confirming the conservation of this ‘module’ across evolutionary
time, albeit with extensive diversification of the ligand complement
in this lineage and loss of genes encoding extracellular inhibitors
in some species.

Results

TGF-g ligands

TGF-p ligands patrticipate in a diverse range of mechanisms in
cellular specification and functionality. They are synthesized as
relatively long precursor proteins, but an N-terminal propeptide



is cleaved during processing, leaving a short, 110-140 amino
acid mature ligand. The mature ligand can be recognized by the
characteristic conservation of at least six cysteine residues that
when folded form a structure known as a cysteine knot, stabilized
by three disulfide bonds (ten Dijke and Arthur 2007).

There are 33 distinct genes encoding TGF-f ligands in humans,
seven in D. melanogaster and five in Caenorhabditis elegans (Hu-
mineicki et al., 2009). These ligands can be split into two broad
classes, the TGF-p/Activin/Myostatin class (generally referred
to here as the TGF-f class) and the BMP (bone morphogenetic
protein) class (Yamamoto and Oelgeschlager 2004). Generally
these classes are mirrored by the signalling pathway through which
they operate (see Fig. 1A for details) but this is not always the
case - Nodal, for instance, is generally said to belong to the BMP
class, but Nodal signals are transduced via the TGF-f3 pathway.
We should note that nomenclature regarding whether these are
‘families’ or ‘classes’ varies in the literature. In this study we have
followed the Linnaean convention, where classes are broader
groupings — either TGF-p or BMP-related, while families refer to
groupings of orthologous genes within the class set.

In many ways the complements of TGF-p ligands found in
lophotrochozoan genomes are similar to those found in more
classical model organisms. This similarity breaks down, however,
in the TGF-p class, which appears to have undergone extensive
divergence in this Superphylum. Initial attempts at making phylo-
genetic trees for TGF- ligands were confounded by the diversity
of ligand sequence in this class, which resulted in poor alignments
and multiple gaps, and, ultimately, poorly-supported trees. Supple-
mentary Fig.1 shows one such tree (Maximum Likelihood (ML),
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Whelan and Goldman (WAG) model, 1000 bootstrap replicates).
To better ascertain phylogenetic relationships within and between
TGF-p ligands, we have analysed the interrelationships of the
TGF-B class in two steps - firstly, by assigning, on the basis of
the preliminary tree shown in Supplementary Fig. 1, and by Blast
identity (Altshul et al., 1990), ligands to either the BMP class or
the Activin/TGF-p class, and secondly by analysing these two
classes separately.

The results of maximum likelihood and Bayesian inference of
their phylogenetic relationships for the BMP class can be seen
in Fig. 2. Both means of phylogenetic inference recover clear
familial relationships between lophotrochozoan sequences and
orthologues of many well-described genes. Bootstrap values are
not always high, most likely due to the relatively short dataset (88
amino acid alignment) from which these samples were drawn.
Posterior probabilities, however, clearly support many nodes on
the Bayesian tree; for example, the ADMP clade has a posterior
probability of 1 under Bayesian analysis, but bootstrap support of
71 under ML analysis.

The existence and expression of several members of the BMP
class of the TGF-f ligand superclass in the Lophotrochozoa has
already been established by prior studies, although the phyloge-
netic distribution of these studies has been scattered and the full
lophotrochozoan complement was unclear (e.g. Nederbragt et
al., 2002, Freitas et al., 2007, Grande and Patel 2009, Kuo and
Weisblat 2011). It seems that annelids and molluscs have retained
the majority of the diversity of the BMP class found in the Ecdyso-
zoa and Deuterostomia, and in many cases better conservation
is found than in ecdysozoan models. In contrast, B. plicatilis and,
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Fig. 1. Summary of TGF-B/BMP signalling cascades and Lophotrochozoan interrelationships. (A) Canonical TGF/BMP signalling cascades:
representation of the canonical signalling pathways for TGFf-like and BMP-like cascades with inhibitors of signalling shown in red and operational
signalling shown in black. Only ligands with well-known affinity to one or other signalling pathway listed, with each pathway operating through different
combinations of Type | and Type Il receptors, and hence signalling through either Smad 2/3 or Smad 1/5/8 proteins intracellularly. Ligands are regulated
extracellularly by a diverse range of inhibitors, which can themselves be cleaved by Tolloid to release ligands and allow signalling to occur. Intracellular
regulation of signalling can occur at the receptor level, with BMP and activin membrane-bound inhibitor (BAMBI) recruited in the place of functional
Type | receptors, or intracellularly, through Smad 6/7 inhibition of signal transduction from receptors, SMURFmediated degradation of Smad signalling
proteins, or a range of further mechanisms not shown here. (B) Cladogram representing lophotrochozoan (boxed) and metazoan inter-relationships,
based on Dunn et al., (2008). Non-bilaterally symmetrical metazoans are represented by the paraphyletic group “Diploblastica’”
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in particular, S. mansoni, have apparently lost many of the more
BMP-like members of the TGF-f ligand cassette. The criteria used
as a basis for assignations of genes to particular families can be
seen in the Materials and Methods section.

The apparent Ecdysozoan-specific loss of Nodal and BMP3/
GDF10 is corroborated by our analysis, but we recover well-sup-
ported nodes containing lophotrochozoan orthologues for these
gene families. For more detailed exploration of Nodal ligands, we
refer the interested reader to Grande et al., 2014 in this issue. More
complex is the case of the Univin/VG-1/GDF1/3-like family. While
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these are not recovered as a monophyletic grouping in Fig. 2, they
have appeared in previous studies as a well-supported clade of
deuterostome-specific genes, for example in Lapraz et al., (2006).
The H. robusta BMP 2/4b sequence (AEL12442.1) has also been
noted as showing some resemblance to the Univin/VG-1/GDF1/3-
like family. An annelid gene, which we have named “UNKNOWN”in
Fig. 2, groups with poor support with the GDF1/3 family in Bayesian
trees. Better sampling is needed across the Lophotrochozoa in
order to confirm whether these are truly orthologous to the Vg1/
Univin/GDF1/3 genes in the Deuterostomia.
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Fig. 2. Phylogeny of the BMP-like ligand class familial interrelationships across the Metazoa, as determined by (A) maximum likelihood (Tamura
etal.,2011) and (B) Bayesian (Huelsenbeck and Ronquist 2001) methods. Alignment generated by MAFFT (Katoh and Standley 2013) using the [-INS-i
strategy resulting in an 88 amino acid informative alignment of the mature ligand domains after the exclusion of gaps. Both phylogenies determined
using the WAG model (ML: +4G) (Whelan and Goldman 2001). Bootstrap percentage (of 1,000 replicates) and posterior probabilities (after 3,000,000
generations) can be seen at the nodes of ML and Bayesian trees respectively. Lophotrochozoan sequences underlined in red. Phylogenies rooted with
known Neuturin and GDNF outgroups. Sequences used in phylogenetic analysis, along with alignment, can be found in Supplementary File 1. Scale

bars represent substitutions per site at given distances.



Canonical homologues of BMP 2/4 (Dpp), BMP 5-8 (Gbb/Scw),
BMP 9/10 (GDF5-7), ADMP and Maverick are also found in the
Lophotrochozoa as reported by our trees (Fig. 2). These appear
to be far better conserved in the Mollusca and Annelida than in
other lophotrochozoan lineages examined. No homologues for
GDF9/BMP15 can be found in our lophotrochozoan datasets,
implying that this is a deuterostome or even chordate innovation
(as suggested by the lack of such a ligand in Lapraz et al., 2006).

Fig. 3 shows the inferred identity of the genes of the activin/
myostatin/inhibin-like clade as determined by phylogenetic analysis.
Clearandreproducible signals were found for a canonical Myostatin
clade, especially inthe case of Bayesian analysis, where Myostatins
clustertogether with a posterior probability of 1. P. lamarckiappears
to have duplicated this gene, but this is not found in other annelids,
and is likely lineage-specific. Support for an Activin/Inhibin clade
is weak in both Bayesian and Maximum Likelihood phylogenies
shown. Clades for TGF-f and Lefty homologues in deuterostomes
are consistently recovered with good support. On the basis of the
tree presented here, Lefty and TGF-f ligands sensu stricto seem
to be deuterostome innovations, with the previous report of a
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tentative TGF-p homologue in M. leidyi (Pang et al., 2011) stand-
ing as evidence against this. We have included this sequence in
the tree shown in Fig. 3, and, as stated in Pang et al., (2011), itis
only weakly supported as a homologue of the TGF-f clade sensu
stricto. Wider taxon sampling at the base of the Metazoa, and
particularly in the Ctenophora beyond M. leidyi, would allow us to
test whether TGF-p ligands (in the strictest sense) are indeed a
deuterostome novelty.

Our investigations of the genome of A. vaga revealed a total of
10ligands with gene models or transcript support for their existence.
Five further genes were present in their entirety in the genome,
with some gene models supporting their existence, but without
evidence of transcription. As such, these were not included in the
curated gene list appearing in that genome’s publication (Flot et
al., 2013). However, as transcripts could be temporally restricted in
appearance, or present in very low levels, we have included these
sequences in Supplementary File 1 for consideration by interested
parties. In particular, we note the existence of three complete BMP
5-8 genes with no evidence of pseudogenisation.

The large number of ligands seen in A. vaga is the result of
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Fig. 3. TGF-B-like class familial phylogenetic interrelationships across the Metazoa, as determined by (A) maximum likelihood (Tamura et al.,
2011) and (B) Bayesian (Huelsenbeck and Ronquist 2001) methods. Alignment generated by MAFFT (Katoh and Standley 2013) using the G-iNS-i
strategy, resulting in a final 71 amino acid informative alignment. Both phylogenies determined using the WAG mode (Whelan and Goldman 2001).
Bootstrap percentage (of 1,000 replicates) and posterior probabilities (after 10,000,000 generations before convergence) can be seen at the nodes of
ML and Bayesian trees respectively. Sequences used in phylogenetic analysis, along with alignment, can be found in Supplementary File 1. Phylogenies
rooted with known Neuturin and GDNF outgroups. Lophotrochozoan sequences underlined in red. Scale bars represent substitutions per site at given

distances.
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two known rounds of lineage-specific whole genome duplication
in that species (Flot et al., 2013), in contrast to the unknown origin
of gene duplications in other Lophotrochozoan clades. A. vaga,
like B. plicatilis, possesses BMP 3, Nodal and Activin/Inhibin
sequences. We have used B. plicatilis sequences to represent
the Rotifera in our trees as its relatively slow rate of molecular
evolution aided the resolution of other nodes in this figure, but
have included these three closely-related A. vaga genes to show
evidence that they cannot be categorised into known clades. We
find the absence of BMP 2/4 (Dpp) homologues in the Rotifera as
a whole particularly interesting, as these genes play a key role in
establishing dorsoventral polarity in a phylogenetically broad range
of species, in concert with Chordin.

It should also be noted that as well as these rotifer sequences,
several other sequences are not shown in our analysis in Fig. 3, but
are provided in Supplementary File 1. The first of these sequences
is a P. vulgata Myostatin-like homologue, whose sequence was
partially recovered from our genomic and transcriptomic data, but
which covers only a portion of the mature ligand sequence and
was therefore excluded from analysis. The second is a C. feleta
gene, protein ID 198732, which appears to be a markedly diver-
gent TGF-p class ligand. Its annotation in the C. teleta genome
suggests that it has been noted as expressed in the EST studies
used as the basis for gene prediction, but it appears to have lost
a significant portion of the mature ligand region. This may be the
result of pseudogenisation in progress, as without the portions
of the ligand domains, it is unlikely the protein it encodes is fully
functional in the same manner as canonical TGF-f class ligands.
The oyster C. gigasalso shows evidence of diversification in TGF-
class ligands (data not shown here, see Fleury et al., 2008), al-
though when these sequences are added to our analysis no further
structure was added to our tree - these seem to be fast-evolving,
highly derived sequences, with uncertain homology to the other
lophotrochozoan data presented in this paper.

ALP seemsto be aninsectinnovation, forming a clade with clear
support and no orthologue seen in any lophotrochozoan or deu-
terostome species. Muellerianinhibiting factor has been suggested
to be a deuterostome or even vertebrate-specific ligand, but weak
supportgroups the C. teletaUnknown Activin/Inhibin/Myostatin-like
4 with this sequence in the Bayesian analysis. Whether this is a
true relationship, or instead is a result of long-branch attraction is
uncertain, but could be tested with increased genomic sequencing
across the Lophotrochozoa.

As with the BMP-like ligands (shown in Fig. 2), TGF-p-like
ligands seem to have been lost from both rotifer species consid-
ered and S. mansoni, with those that are found not falling into
identifiable clades. This echoes the findings of previous studies in
schistosomes (Freitas et al., 2007). It has been suggested that S.
mansoni could use host ligands as part of its signalling cassette
(Osman et al., 2006), which would explain low diversity of these
ligands in this species. The lack of rotifer TGF-f ligands is more
unusual, and future sequencing efforts in the Rotifera will reveal
whether this loss is real, or an artefact of insufficient sequencing
depth. It should be noted that the rotifer receptor complement is
also slightly modified, and could reflect changes to ligand sequence
and structure in concert with downstream aspects of this cascade.

Some support is found for a mollusc-specific clade of ligands,
encompassing L. gigantea Unknown Activin/Inhibin/Myostatin-like
Aand B and similarly named sequences in P. vulgata. The roles of

these genes in vivo are as yet uncatalogued, and no homologue
is found in the genome of C. gigas. These sequences therefore
could represent a gastropod or patellogastropod novelty. In some
prior analyses (data not shown), platyhelminth sequences form
a sister group to this clade with poor (< 20 bootstrap support),
but further evidence from other lophotrochozoans is needed to
determine whether this is a genuine relationship.

Outside of these clades, little signal can be recovered to sup-
port relationships between a diverse range of other ligands in the
Lophotrochozoa. On the basis of the lack of clades forming, even
between such relatively closely related species as C. teleta and
P. lamarcki, and especially between P. vulgata and L. gigantea, it
seems that these ligand sequences are highly variable between
lophotrochozoan species. These sequences are named without
reference to their evolutionary relationships, and the terms ‘A, B, C’
etcin multiple species are used to allow within-species numeration
rather than any inference of orthology.

Some additional insight could potentially be drawn from the
number of cysteine residues found in these sequences, as these
residues have a characteristic distribution in some model organ-
isms. In some vertebrates, TGF-f ligands sensu stricto and Inhibin
[ are said to have nine cysteines, while Inhibin o (along with BMPs
and GDFs in the BMP-like clade) have seven. These pair to form
four and three disulfide bonds respectively. The remaining cyste-
ine residue forms such a bond only when the ligands dimerise to
signal. Lefty proteins, as well as GDFs 3, 9 and BMP 15 are said
to have only six cysteines - they do not bond covalently to form
dimers (Derynck and Miyazono 2008, Moustakas and Heldin 2009).
By our count, in the M. musculus and deuterostome sequences
used in our analysis (Supplementary File 1), Lefty and Muellerian-
inhibiting factor proteins possess seven cysteines (lacking the fifth
and second respectively when counting from the N terminus of the
mature ligand), while all other deuterostome ligands in our dataset
possess at least eight cysteine residues. This may represent the
ancestral condition, with the more derived form studied in detail
by those papers referenced above. These cysteine positions can
be clearly seen in the BMP alignment file in Supplementary File
1, in alignment positions 1, 2, 28. 32, 57, 58, 85, and 87 when
present. For the TGF-p class alignment, these are positions 1, 2,
27,31, 42, 43,69, and 71.

The majority of our Lophotrochozoan ligand sequences possess
eight cysteine residues. Of the uncategorised sequences seen in
Fig. 3, the four L. giganteaand P. vulgata sequences mentioned as
forming a weakly supported clade earlier have 7 cysteines (lacking
the fifth as counted from the N terminus), as do C. teleta Unknown
Activin/Inhibin/Myostatin-like 4 and C. teleta Unknown Activin/In-
hibin/Myostatin-like 1, which lack the second from the N terminus.
One sequence, C. teleta Unknown Activin/Inhibin/Myostatin-like 5,
has only six cysteines, lacking both the second and the fifth. When
cysteines are lost from ligands in vertebrates, they are also lost
from the second and/or fifth position, which further reinforces that
some cysteines are vital for maintaining the “cysteine knot” form
of the active ligand, while others can be lost.

Unfortunately, given the uncertainty regarding the number of
cysteines found in canonical groups, this character cannot be
used to further classify our ligands. A better understanding of the
interrelationships between these ligands is probably only to be
drawn from denser taxon sampling across the Lophotrochozoa. At
present, the short length of the mature ligand sequence and the



lack of conservation of sequence in the longer propeptide means
that phylogenetic inference, by whatever means, is limited by a
lack of information.

The lack of constraint on the non-cysteine portions of the
sequences of these ligands is also interesting from a structural
perspective. The sequence of BMP-like ligands seems highly
constrained, probably because of their vital interactions with recep-
tors and regulators of their activity. That TGF-§ class ligands in
the Lophotrochozoan clade can diversify so much, even between
closely related species, when the remainder of the core signalling
cascade remains relatively stable raises questions abouthow these
ligands can successfully maintain their secondary and tertiary
structures in the face of relatively large sequence changes. This is
especially puzzling when so many other TGF-{ class ligands have,
presumably under purifying selection, maintained a relatively stable
sequence over evolutionary time across the Metazoa.

To summarise, of the TGF-p superclass, TGF-p-like ligands
appear to have diversified greatly in lophotrochozoans, at least
in the lineage leading to molluscs and annelids (Fig. 1B), while
the BMP class ligand complement is similar to that seen in more
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traditional model organisms. In contrast, loss in ligand comple-
ments can be seen in the Rotifera and Platyhelminthes. TGF-
sensu strictoand Leftygenes appear to be deuterostome novelties,
as no evidence can be found for their presence in the genomes
here examined. How these changes in ligand diversity have af-
fected lophotrochozoan biology, and the degree to which known
ligand families possess ancestrally shared roles mirroring those
performed in other Superphyla, will be a topic of broad interest for
developmental biologists in the future.

Serine/threonine kinase receptors

Each TGF-p ligand pair binds to Type | and Il serine/threonine
kinase receptors. When TGF-p ligands form a complex with
representatives of both types of receptor, the intracellular kinase
domains of the receptors are brought together and the Type |
receptor is phosphorylated and activated (Massagué 1998). In
humans, a total of seven Type | and five Type |l receptors have
been described, while Tribolium castaneum, Apis mellifera and D.
melanogaster possess a total of five — three Type |, and 2 Type Il
(van der Zee et al., 2008).
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Fig. 4. TGF-B and BMP receptor molecule interrelationships across the Metazoa, as determined by (A) maximum likelihood (Tamura et al.,
2011) and (B) Bayesian (Huelsenbeck and Ronquist 2001) methods, and rooted at the midpoint. Predominantly TGFf-like and BMP-like cascade
receptors shown in green and blue respectively. Alignment generated by MAFFT (Katoh and Standley 2013) using the G-iNS-i strategy resulting in a
136 informative amino acid alignment spanning the protein kinase domain (PFAM PF00069). Both phylogenies determined using the WAG model (ML
+4G) (Whelan and Goldman 2001). Bootstrap percentage (of 1,000 replicates) and posterior probabilities can be seen at the nodes of ML and Bayesian
trees respectively. Lophotrochozoan sequences underlined in red. Sequences used in phylogenetic analysis, along with alignment, can be found in
Supplementary File 1. Scale bars represent substitutions per site at given distances.



540 N.J.Kenny et al.

The serine/threonine kinase receptor complements of the Lo-
photrochozoa have previously been the subject of investigation,
with those of C. gigas already described (Herpin 2005). Coupled
with our extensive knowledge of the diversity of these molecules in
the freshwater sponge Ephydatia fluviatilis (Suga et al., 1999) and
other non-bilaterian metazoans (Humineicki et al., 2009, Pang et
al., 2011) these are perhaps the best-catalogued components of
the TGF-p cascade. With some exceptions, the serine/threonine
kinase receptor complement varies little across the Metazoa.
Generally three Type | and two Type Il receptors are found in any
species, with TGF-p-like signalling occurring through a set pair
of dimerised Type | and Type Il receptors (TGF-f R1 and Act R2,
also known by a diverse range of other names), while two Type |
receptors (BMP R1 and the misleadingly named Act R1) can each
be found in complex with BMP R2.

In vertebrates, considerably more diversity of receptor number
exists, mostlikely due to the 2R whole genome duplications. Larger
numbers of receptor also exist in invertebrate deuterostomes and
the cnidarian Nematostella vectensis, mostlikely due to independent
duplications in these lineages, some of which have been traced
to specific nodes on the deuterostome tree of life (Humineicki et
al., 2009).

While the canonical five serine/threonine kinase receptors are
found in all annelid and mollusc species examined (Fig. 4), these
have diversified inthe rotifers. Both A. vagaand B. plicatilispossess
at least one Activin R2 and TGF-$ R1 gene, although the four A.
vaga Activin R2 genes are drawn toward the base of our ML tree
by long branch attraction. One B. plicatilis sequence appears to be
a divergent BMP R1 by Blast identity and in some of our ML trees

A 99 Lottia gigantea SMAD1/5/8 104873

(data not shown), although this gene is grouped with A. vaga and
B. plicatilis TGF-$ R1 genes in the Bayesian tree shown in Fig. 4.
This gene could therefore represent a diverged copy of a rotifer
TGF-B R1gene afterduplicationinthatlineage, or alternately rotifer
receptors could be becoming more similar through gene conversion.
The divergent nature of the TGF-f ligands found in these species
may suggest that their receptor sequences are evolving to signal
in a derived fashion, although the true causes of these changes
requires further research.

Schistosome receptor complements have been studied else-
where in depth (Davies et al., 1998, Forrester et al., 2004), and
in many ways their complements represent a surprising finding,
given the presence in S. mansoni of only two TGF-B-like ligands.
These complements do not map exactly onto the canonical cas-
sette, but, as hypothesised in Osman et al., (2006) and earlier in
this manuscript, their quantity, when compared to the few ligands
encoded inits genome, may suggest that these molecules respond
to host, rather than endogenous, signalling cues.

In short, the relative conservation of serine/threonine kinase
receptor sequences within annelids and molluscs confirms the
suggestion of Herpin et al., (2005) with regard to the broad con-
servation of serine/threonine kinase receptor diversity across
metazoan evolution.

Smad proteins

Smad proteins play akey role intransducing extracellular signals
into an intracellular response. Of all the parts of the TGF-f signal-
ling cascade investigated in the present study, itis these molecules
that show the least amount of loss and disparity in number across

Patella vulgata SMAD1/5/8

22 Pomatoceros lamarcki SMAD1/5/8
Capitella teleta SMAD1/5/8 173019
Mus musculus SMAD1 NP032565.2
zMus musculus SMAD5 NP032567.1
Mus musculus SMAD8 AF175408 1
Schistosoma mansoni SMAD1/5/8 AAV80239.1
Brachionus plicatilis SMAD1/5/8
Nematostella vectensis SMAD1/5/8 ABC88374.1
3Dmsophlla melanogaster MAD AAF51142.1
Tribolium castaneum MAD EFA05663.1

Brachionus plicatilis SWVAD4
Schistosoma mansoni SMAD4 XP002574840.1

Pomatoceros lamarcki SMAD4
99| Lottia gigantea SMAD4 131078

Patella vulgata SMAD4

Capitella teleta SMAD4 179368
Mus musculus SMAD4 NP032566.2

Nematostella vectensis SMAD4 EDO31382.1
Apis mellifera Medea (SMAD4) XP392838.4
Drosophila melanogaster Medea (SMAD4) AAC38971.1

50

54 Brachionus plicatilis SMAD6/7
Schistosoma mansoni SMAD6/7 XP002569925.1
9% DAD NP477260.1
34 1
\
= Apis DAD 3

Mus SMAD7 NP .1
Mus musculus SMAD6 NP032568.3
Lottia gigantea SMAD6/7 145516
Patella vulgata SWAD6/7
Pomatoceros lamarcki SMAD6/7

Capitella teleta SMAD6/7 147083

Lottia gigantea SMAD1/5/8 104873

Patella vulgata SMAD1/5/8
9P:.)matt.x:en:»s lamarcki SMAD1/5/8

78 Schistosoma mansoni SMAD1/5/8 AAV80239.1
Capitella teleta SMAD1/5/8 173019
Mus musculus SMAD1 NP032565.2
l]Mus musculus SMAD5 NP032567.1
- Mus musculus SMAD8 AF175408_1

Brachionus plicatilis SMAD1/5/8
Nematostella vectensis SMAD1/5/8 ABC88374.1

Drosophila melanogaster MAD AAF51142.1

Brachionus plicatilis SMAD4

Schistosoma mansoni SMAD4 XP002574840.1
Pomatoceros lamarcki SMAD4

1Lottia gigantea SMAD4 131078
‘BPalella vulgata SMAD4
apitella teleta SMAD4 179368
Mus musculus SMAD4 NP032566.2
Nematostella vectensis SMAD4 EDO31382.1
Apis mellifera Medea (SMAD4) XP392838.4
Drosophila melanogaster Medea (SMAD4) AAC38971.1

Brachionus plicatilis SMAD6/7

SMAD6/7

DAD NP477260.1
XP001631691.1
Mus musculus SMAD7 NP001036125.1

Apis mellifera DAD XP396816.3
Mus musculus SMAD6 NP032568.3

Lottia gigantea SMAD6/7 145516
Patella vulgata SMAD6/7

Pomatoceros lamarcki SMAD6/7
itell MADG/7 147(

0.3

Fig. 5. Smad and Dad interrela-
tionships across the Metazoa,
as determined by (A) maximum
likelihood (Tamura et al., 2011)
and (B) Bayesian (Huelsenbeck
and Ronquist 2001) methods.
Alignment generated by MAFFT
(Katoh and Standley 2013) using
the G-iNS-i strategy, with the sec-
tion used for analysis a 139 infor
mative aminoacid region spanning
the MHZ2 domain (Pfam PF03166).
Both phylogenies determined us-
ing the WAG mode (Whelan and
Goldman 2001), rooted with the
known Smad 6/7 clade (ML) and at
midpoint (Bayesian). Bootstrap per
centage (of 1,000 replicates) and
posterior probabilities can be seen
at the nodes of ML and Bayesian
trees respectively. Lophotrocho-
zoan sequences underlinedin red.
Sequences used in phylogenetic
analysis, along with alignment, can
be found in Supplementary File 1.
Scale bars represent substitutions
per site at given distances.



the Metazoa, presumably due to the pleiotropic effects that would
happen if loss were to occur. Smad molecules respond to a di-
verse range of incoming signals, as can be seen in Fig. 1A, and
even if loss of one ligand occurs in a lineage, a Smad may still
be responsible for passing on the message brought by another
ligand. Such pleiotropy means that loss may be less tolerated by
natural selection at this step of the signalling cascade than others.

All lophotrochozoan Phyla studied in the present investigation
were found to contain at least one of each of the four major families
of Smad molecule (Fig. 5). Interestingly, the rotifer A. vaga (but
not B. plicatilis) has lost Smad 6/7 (Dad) and thus is unlikely to
inhibit Smad signalling using this mechanism. The short branch
lengths generally found outside the inhibitory Smad (Smad6/7 or
Dad) clade also point to generally constrained selection on these
molecules. Both B. plicatilis and S. mansoni show longer branch
lengths for these sequences, however, which may be a result of
co-evolution to interact with the divergent receptor cassettes also
seen in these Phyla.

S. mansoni shows evidence of a lineage-specific Smad2/3 du-
plication, which is perhaps surprising in light of the reduced ligand
complement of this species, and may represent a subfunctionali-
sation of roles previously performed by a single ancestral gene.
We note that we do not recover a monophyletic clade of Smad
2/3 sequences in our Bayesian analysis, which is largely due to
the small differences in sequence between the R-Smad clades.

Dan/Cerl/Coco/Prdc/Cerberus/Gremlin
Members of the wider DAN-like gene class sequester ligands,
preventing them from binding to receptors and activating signalling
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cascades. This class has diverged into a large and confusingly
named clade of genes, especially in vertebrates, where the 2R
whole genome duplication event likely allowed sub- and neo-
functionalisation to occur. The results of phylogenetic analyses
of members of this gene class from species across the Metazoa
(Fig. 6) reveal how this difficult-to-catalogue group has evolved.

It appears that the cassette of DAN-class members found in
the common ancestor of deuterostomes and protostomes may
have resembled that of N. vectensis, with two homologues giving
rise to the diversity we see today. It is possible that the Cerberus/
Dante family represents a deuterostome innovation - despite the
placement of N. vectensis Cerberus/Dante-like (ABF06563.1) at
the base of this clade. Given the widespread presence of Gremlins
across the Metazoa, and previous study in this group in Cnidarians
(Rentzsch et al., 2006), it perhaps would be parsimonious to infer
that it is in fact a Gremlin, rather than inferring loss of a cnidarian
Gremlin and protostome Cerberus/Dante-like factors. We cannot
distinguish between these alternatives definitively with the data
available, but this hypothesis could be easily tested with the advent
of broader sequence availability.

No wider DAN class genes can be found in schistosomes or in
the rotifers A. vaga or B. plicatilis, and loss of portions of this class
are prevalent in other species - D. melanogaster, for example, has
no DAN class genes in its genome (van der Zee et al., 2008), and
DANs sensu stricto have been lost across the Lophotrochozoa
(Table 1). DANs sequester a variety of ligands, with specific-
ity varying depending on the DAN protein examined. Some are
specific to the BMP-like signalling pathway, while others (such as
Cerberus) can inhibit Nodal in the TGF-like pathway. Gremlin is

Homo sapiens Prdc NP071914.3

Mus musculus Prdc NP035955.1

Gallus gallus Prdc XP419552.3

Danio rerio Prdc NP001017704.1

Danio rerio Gremlin NP998017.1
Gallus gallus Gremlin NP990309.1

Mus musculus Gremlin NP035954.1

0.97/81! Homo sapiens Gremlin NP037504.1
Branchiostoma floridae Gremlin XP002604466.1
Culex quinquefasciatus Gremlin XP001842189.1
Tribolium castaneum Gremlin EFA02797.1
Saccoglossus kowalevskii Gremlin NP001161561.1

Lottia gigantea Gremlin 88176

Gremlins
Pomatoceros lamarcki_Gremlin Prdc also known as Gremlin-2

Capitella teleta Gremlin 57284/205003

Helobdella robusta Gremlin AEL12445.1

resultof ML analysis, with differences
in topology using Bayesian methods
indicated with a dotted line. Both phy-
logenies determined using the WAG

0.97 /65

0.56/ 65

*/23

Nematostella vectensis Dan XP001641376.1
Saccoglossus kowalevskii Dan NP001158417.1

L Homo sapiens Dan NP001191015.1 Dans
Danio rerio Dan NP996980.1

neuroblastoma, suppression
of tumorigenicity 1

— Apis mellifera Dan XP001121480.1

mode (Whelan and Goldman 2001)
and rooted at midpoint. Posterior
probabilities/bootstrap percentage
(of 1,000 replicates) and can be seen
at the base of nodes. Lophotrocho-
zoan sequences underlined in red.
Sequences used in phylogenetic
analysis, along with alignment, can be
found in Supplementary File 1. Scale
bars represent substitutions per site
at given distances.

0.8/42

0.97/24
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1/96
{Mus musculus Dante NP957679.1

41,98|_7':Homo sapiens Cerberus NP005445.1
1791 Mus musculus Cerberus NP034017.1

A In Bayesian tree, Dans are sister group to (Gremlins + Cerberuses and Dantes)

1194 Tribolium castaneum Dan XP972176.1

Nematostella vectensis Cerberus/Dante-like ABF06563.1
Saccoglossus kowalevskii Cerberus/Dante-like NP001164702.1
Branchiostoma floridae Cerberus/Dante-like ACF94996.1

Cerberuses
and Dantes

Other names: Caronte/Cer1 (Cerberus)
and Coco/Grem3/Sp1/Cer2/DAN
domain family member 5 (Dante)

Homo sapiens Dante NP689867.1

Gallus gallus Cerberus NP990154.1

with posterior probabilities as shown.
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known to be active in H. robusta, targeting BMP 2/4 preferentially
(Kuo and Weisblat 2011). Much investigation is required before
inference can be made as to the wider roles of genes that remain
in the Lophotrochozoa, given the wide range of actions that these
genes are known to have in more established model organisms.

Chordin

Chordinis a BMP regulatory molecule, which sequesters ligands
by binding to them. It is best known for its role antagonising BMP
2/4 (also known as Dpp) in dorsoventral patterning. A similar mol-
ecule, Chordin-like, has also been identified, initially as a BMP 4
antagonist in the chick (Sakuta et al., 2001).

Searches through the lophotrochozoan genomes examined in
the present project suggest that both Chordin and Chordin-like
genes are present within the Lophotrochozoa, as can be seen in
Fig. 7A. Chordin itself seems to be lost across the Annelida. No
Chordin or Chordin-like sequences were found in the rotifers A.
vagaand B. plicatilis or in the Platyhelminthes, although other more
derived families related to Chordin (eg CRIM) were not examined
in the above analysis. The presence of clear Chordin-like genes
in the Mollusca confirms the hypothesis that Chordin-like genes
were present in the Bilaterian common ancestor, rather than being
a deuterostome novelty, and is corroborated by the assignment
of T. adhaerens and Amphimedon queenslandica Chordin-like
homologues within this family by other authors, rather than as a
canonical Chordin (sensu Richards and Degnan 2009).

Twisted gastrulation (Tsg)

Tsg is a modulator of BMP signalling, although its mode of ac-
tion is yet to be fully understood. As well as binding BMPs, it has
been suggested that Tsg might also act as a promoter of BMP

signalling, by freeing ligands from Chordin after the Chordin-ligand
complex has been cleaved by Tolloid (Oelgeschlager 2000). This
could also occur in some of the lophotrochozoan clades presented
here, although annelids lack canonical Chordin homologues while
possessing Tsg. This mooted role could therefore be absent in this
Phylum, although Chordin-like may be targeted by Tsg instead.

The phylogenetic relationships of a number of metazoan Tsg
sequences can be seenin Fig. 7B. Mollusc and annelid species all
possess a single Tsg homologue, while all schistosomes examined
and the rotifers B. plicatilis and A. vaga appear to have lost theirs,
as none can be found in their genomes or transcriptomes. This
could be correlated to the markedly reduced BMP complements
of these species — without the ligand diversity found in other spe-
cies, it is perhaps unsurprising that regulatory mechanisms have
also been lost.

Noggin

Noggins are proteins that act to interfere with canonical TGF-f
signalling by sequestering ligands before they can bind to their
receptors, as with Chordin above. Noggins primarily have been
shown tointeract with BMP-like ligands. Our data (Fig. 7C) confirms
the study of Molina et al., (2011), who posited the existence of two
major clades of Noggin across the Metazoa, a canonical Noggin
clade, and a less well-categorised Noggin-like clade. We find both
kinds in all lophotrochozoans examined with the exception of S.
mansoni, which has two Noggin-likes but no Noggin, and the roti-
fers A. vaga and B. plicatilis, which lack Noggins entirely. It is well
documented that canonical Noggins and Noggin-like proteins are
absent from the genomes of some ecdysozoan model organisms
(van der Zee et al., 2008) although these are found in some other
arthropods (Duncan et al., 2013): the presence of a Noggin in the

TABLE 1
Q
@ = g c »
] o c & = = 2 ™ »
P £ = c I3 © £ —_ [
e ¢ % T T § §© 2 §E 2 & . 3 B g &%
[ < o ) o > > = - c c ) = = 2
=) £ @ £ < <] <) ° < < < @ ° < o =
o | 2] o« [ o z z [ [C] =] o ] [ o z o  References
& | Homo sapiens 33 8 13 1 2 1 0 1 2 1 2 1 3 1 3 2 Huminiecki et al 2009
§ Ciona intestinalis 10 5 7 1 1 1 0 0 1 0 0 1 1 0 1 1 Hino et al 2003/Huminiecki
§ et al 2009
31'3 Strongylocentrotus 14 4 6 1 1 0 1 1 1 1 0 1 3 0 1 Lapraz et al 2006
3 | purpuratus
[=]
@ Drosophila melanogaster 7 4 5 1 0 0 0 1 0 0 0 3 2 0 1 1 van der Zee et al 2008
§ Apis mellifera 7 4 5 1 0 0 0 0 0 1 0 1 1 1 1 1 van der Zee et al 2008
9| Tribolium castaneum 8 4 5 1 0 0 0 1 1 1 0 1 1 1 1 1 van der Zee et al 2008
>
B | Caenorhabditis elegans 5 7 3 0 0 0 0 0 1 0 0 0 1 0 1 0  Savage-Dunn 2005,
w Huminiecki et al 2009
Capitella teleta 16 4 5 0 1 1 1 1 1 0 0 1 2 1 1 1
g Pomatoceros lamarckii 9 4 5 0 0 1 1 1 1 0 0 1 1 1 1 1
g Lottia gigantea 10 4 5 1 1 1 1 1 1 0 0 1 1 1 1 1
5 | Patella vulgata 12 4 5 1 0 1 1 1 1 0 0 1 1 1 1 1
% Brachionus plicatilis 4 4 3 0 0 0 0 0 0 0 0 0 0 0 1 0
‘S| Adenita vaga 10* 10 8 0 0 0 0 2 0 0 0 0 0 0 2 0 Flotetal 2013 *NB see
S Supplementary File 1
Schistosoma mansoni 2 5 5 0 0 1 2 1 0 0 0 0 1 0 1 0
% Nematostella vectensis 6 4 6 1 0 1 1 1 1 1 0 0 1 0 1 0  Huminiecki et al 2009, Saina
© and Technau 2009
-3
%_ Mnemiopsis leidyi 9 5 4 0 0 0 0 0 0 0 0 0 1 0 1 1 Pang et al 2011
B | Trichoplax adherens 5 4 4 0 1 1 0 1 0 1 0 0 0 0 1 1 Huminiecki et al 2009

TGF-B signalling complements of a range of metazoan species, as determined in the present manuscript or from previously published work as cited at right, where well annotated examples of these
complements have been determined from other studies. While no whole-genome analysis of this pathway has yet been performed in the Porifera, we refer the interested reader to Suga et al., 1999,
Adamska et al., 2007, and Fig. 11 of Pang et al., 2011, where a number of the key families listed above are described in this Phylum.
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crustacean Daphnia pulex and Noggin and Noggin-like in the he-  Follistatin sequences could be identified within our B. plicatilis
mipterans Acyrthosiphon pisumand Rhodnius prolixusimpliesthat ~ dataset, although two are present in A. vaga (CAWI010044267.1
this loss happened independently in some insects and nematodes.  and CAWI010043776.1).

The presence of Noggin-like sequences in schistosomes again Only Follistatin homologues with the classical Follistatin/
raises questions as to their function — they could interact with the ~ Osteonectin-like EGF domain followed by three Kazal-type serine
TGF-like ligands found in these species, unlike their role in BMP  protease inhibitor domains were examined by the present study,
regulation in other Superphyla, or instead they may be involvedin  with the exception of the N. vectensis homologue, which lacks a
regulating exogenous signals or other processes entirely. We do  clearly identifiable EGF domain. Extensive diversification of this
not detect the diversity of Noggin sequences in other lophotrocho-  gene has taken place within the deuterostome lineage as early
zoans that are found in S. mediterreanea, where eight Nogginand  as the Ambulacraria/chordate split, with loss, rearrangement and
Noggin-like sequences are found (Molina etal.,2011). We therefore  gain of various domains resulting in a total of up to five follistatin-
posit that this expansion is lineage specific, and may be relatedto  domain containing genes, descended from an ancestral Follistatin

species-specific roles for ligands, perhaps in regeneration.

Follistatin

Follistatin binds to and inhibits TGF-p
ligands, particularly Activins, although it can A
bind to other ligands, even those in the BMP-
like class. Canonical Follistatin sequences are
foundin the Lophotrochozoa, as can be seenin

sequence. The nature, role and diversification of these are yet to
be fully investigated.

17997 Drosophil Short ion NP476736.1
*/28 S iae Short ion XP310620.4
Crassostrea gigas Chordin EKC31975.1
[ Lottia gigantea Chordin 164016
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* 41

1% 0.52/*

* | 86

the phylogenetic tree presented in Fig. 8A. We

| is Chordin ABC88373.1
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1,93 — Homo sapiens Tsg NP065699.1
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0.84 /59 B hi floridae Tsg XP002593913.1
Fig. 7. Chordin (A), Twisted Gastrulation (B) and 1146 ii Tsg NP001158407.1
Noggin (C) interrelationships across the Metazoa, ’( T Drosophi Cr i NP536786.1
as determined by maximum likelihood (Tamura 10 17981 A iae C / XP310820.4
et al., 2011) and Bayesian (Huelsenbeck and 0.94/61|:C_aw
Ronquist 2001) methods. Phylogeny shown is the Pomatoceros lamarcki_Tsg

result of ML analysis, with differences in topology
using Bayesian methods indicated with a dotted

0.74/43 _|_— Lottia gigantea Tsg 231460
0.99/89 Patella vulgata Tsg

line. Chordin phylogeny based on a 120 informative Homo sapiens IGFBP1 NP 000587.1
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strategy, analysed under the JTT model (Jones et al.,
1992, ML) and Dayhoff model (Dayhoff et al., 1978,
Bayesian) with tree shown rooted with H. sapiens
BMP-binding endothelial regulator (NP 597725.1).
Tsg phylogeny based on a 146 informative amino
acid global alignment generated by MAFFT using the
G-INS-i strategy, rooted with H. sapiens IGFBP (NP
0005871) after Vilmos et al., (2001), with both phy-
logenies determined using the WAG model (Whelan

0.66/47 (0691
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Tolloids

Tolloids are found extracellularly, and cleave
regulators of TGF-p signalling when they have
formed complexes with free ligands, releasing the
ligand they have bound and allowing signalling to
occur. This action is vitally important in regulating
a range of developmental processes, including
the establishment of dorsoventral polarity, Fig. 8B
shows the result of phylogenetic analysis of Tolloid
sequences from a range of metazoan species,
rooted with the homologue found in N. vectensis.

A single Tolloid homologue was found in both
mollusc species examined, in P. lamarcki, and in
all schistosome species (S. mansoni shown on
tree). It appears to have been lost from rotifer
genomes, although A. vaga possesses a number
of similar metalloproteinases with high similarity
to nematode NAS proteins and teleost hatching
enzymes that may have been acquired by hori-
zontal gene transfer from those species. C. teleta
possesses two homologues, one with the canonical
domain structure (inset, Fig. 8B) and one with a
highly divergent structure, although this does not
appear to be the result of mis-annotation of the
C. teleta genome, and no equivalent is found in
H. robusta or P. lamarcki. Two Tolloids (Tolloid
and Tolkin) are found in D. melanogaster, and
our analysis corroborates the suggestion of van
der Zee et al., (2008) that this Tolkin homologue
is in fact a lineage specific paralogue, specific to
the Diptera rather than found protostome-wide.

The roles played by Tolloid in lophotrochozoan
development are yet to be fully explored, but
Herpin et al., 2007 have noted that C. gigas Tol-
loid is capable of ventralising zebrafish embryos.
Furthermore, C. gigas Tolloid is maternally depos-
ited into the oocyte, and may play an early role in
patterning body axes in this species. A conserved
role for Tolloid in dorsoventral polarity establish-
ment in the Lophotrochozoa is therefore possible,
although more investigation is required to confirm
this, especially outside the Mollusca.

SMURFs

SMURF (SMAD specific E3 ubiquitin protein
ligase) proteins regulate TGF-f signalling by a
number of mechanisms, generally involving the
targeting of R-Smads for degradation, but other
roles have also been posited for these proteins.
Two SMURF genes are characterised in verte-
brates, but to date only single orthologues have

A Homo sapiens Follistatin FST344 NP 037541.1

Gallus gallus Follistatin NP 990531.1

Danio rerio Follistatin-A NP 571112.3

Danio rerio Follistatin-B NP 001034720.1
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Lottia gigantea Follistatin 102759
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1/7
0.98/60
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1/100
0.97/ 51
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1/84 Schistosoma mansoni Follistatin XP 002571695.1

is Follistatin XP 001624524.1

Drosophila melanogaster Tolkin AAF56328.1
Di il Tolloid AAF56329.2
0.96 /37 Tribolium castaneum Tolloid XP970162.1

Capitella teleta divergent Tolloid 224057

1179 |065/25 i i Tolloid XP002573725.1
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Patella vulgata Tolloid
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1798 - Mus musculus Tolloid-like protein 2 NP036034.1 —
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Gallus gallus Tolloid-like protein 1 NP990034.1
Homo sapiens Tolloid-like protein 1 NP036596.3
Danio rerio Tolloid-like protein 1 NP571085.1

Homo sapiens BMP1 NP006120.1

Danio rerio BMP1a NP001035126.1

1/87 Danio rerio BMP1b NP001034901.1

is Tolloid EDO41783.1

1/92 = region used for phylogenetic analysis
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1/99 Patella vulgata SMURF
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Fig. 8. Follistatin (A), Tolloid (B) and Smurf (C) interrelationships across the Metazoa,
as determined by maximum likelihood (Tamura et al., 2011) and Bayesian (Huelsenbeck
and Ronquist 2001) methods. Phylogeny shown is the result of ML analysis, with differ-
ences in topology using Bayesian methods indicated with a dotted line. Follistatin phylogenies
inferred on the basis of a MAFFT alignment (Katoh and Standley 2013, E-INS-i strategy) with
227 informative sites, analysed under the WAG model (Whelan and Goldman 2001), rooted
with N. vectensis Follistatin (XP 001624524.1). Tolloid phylogeny shown generated according

to the JTT model (Jones et al., 1992, ML)/Blosum model (Henikoff and Henikoff 1992, Bayesian) from a 150 informative amino acid alignment spanning
the calcium-binding EGF domain and immediately proceeding the Cub domain as shown on inset, generated using MAFFT under the G-INS-i strategy
and rooted with N. vectensis Tolloid (EDO41783.1). Inset shows the domain structure of canonical Tolloid proteins, along with that of the C. teleta
divergent paralogue, presented from the Pfam database. The Smurf phylogeny was calculated under the JTT model, based on a 233 informative amino
acid alignment generated using MAFFT using the G-INS-i strategy with outgroup specified as H. sapiens Wwp2 (AAC51325.1). Posterior probabilities/
bootstrap percentage (of 1,000 replicates) and can be seen at the base of nodes. Sequences used in phylogenetic analysis, along with alignment,
can be found in Supplementary File 1. Lophotrochozoan sequences underlined in red. Scale bars represent substitutions per site at given distances.



been found in sequenced invertebrate species. Our phylogenetic
analysis (Fig. 8C) of these genes from species across the Metazoa
suggests a paralogous relationship between the two homologues
found in vertebrate model species.

SMUREF proteins appear to have originated within the early meta-
zoan lineage, and clear homologues can be identified for these in
Hydra magnipapillata, M. leidyi and T. adhaerens, although not to
datein N. vectensis. While single canonical SMURF orthologues are
readily identifiable in a variety of protostome species, no SMURF
proteins can be found in the genomes of C. elegans, A. vaga, B.
plicatilis or the schistosome species. These species do, however,
possess other E3 ubiquitin-protein ligases that readily cluster with
nedd-4-like E3 ubiquitin-protein ligases, and are probably homo-
logues of this class of protein. We note that two Crepidula fornicata
(Mollusca) SMURF homologues are presentinthe NCBI nr dataset,
although one (ADI48175.1) is only a fragmentary sequence with
100% similarity to its homologue at the amino acid level, and as
such was not used in our phylogenetic analysis.

BMP and activin membrane-bound inhibitor (BAMBI)

BMP and activin membrane-bound inhibitoris a pseudoreceptor
that competes with true Type Il receptors for ligand binding (Onich-
tchouk et al., 1999). The presence of this gene has been noted in
protostomes previously, particularly by van der Zee et al., (2008)
and Huminiecki et al., (2009). Searches through the genomes of a
variety of non-bilaterian metazoans revealed no trace of a BAMBI
homologue, and it thus seems likely that BAMBI emerged on the
lineage leading to the last common ancestor of protostomes and

A 0.61/59 Gallus gallus BAMBI NP001182330.1
1/97 F Homo sapiens BAMBI NP036474.1
0.77 /50 Danio rerio BAMBI NP571859.1

floridae BAMBI XP002589511.1

0.99/ 62

0.96 /56 S:

1/100

ii BAMBI NP001158365.1
Pomatoceros lamarcki BAMBI

Lottia gigantea BAMBI 151562
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deuterostomes.

Fig. 9A shows the results of phylogenetic inference into the
inter-relationships of BAMBI homologues from a variety of spe-
cies in the Protostomia and Deuterostomia. No BAMBI orthologue
could be identified in C. elegans, or in the Schistosome species
or Rotifera sampled.

We note that a putative BAMBI sequence has been described
in a previous publication in S. mediterranea (Gavino and Red-
dien 2011), but in our investigations this sequence (ADX42731.1)
appears to more readily resemble canonical serine/threonine
kinase receptors, clustering with these sequences in the course
of phylogenetic analysis, although the partial sequence provided
does not include the intracellular serine/threonine kinase domain
required for signalling. We are unable to test whether this domain
absence is the result of fragmentary sequence or is truly present
in the complete protein, but if it is the latter this may represent the
re-evolution of a trait present more generally across the Metazoa.

NOMO

NOMO (Nodal Modulator, previously known as pM5) is known
for its role in directly antagonising Activin/Nodal signalling, in con-
cert with Nicalin, with which it forms a transmembrane complex
at the endoplasmic reticulum (Haffner 2004). These complexes
are similar to complexes that regulate y-secretase activity, but
do not perform the same roles, as shown in Zebrafish rescue as-
says. Instead they have been shown to regulate the formation of
mesendoderm by attenuating Nodal signalling. NOMO is, however,
still under-researched, with little known of its molecular mode of

Fig.9.Bambi(A) and NOMO (B) interrelationships
across the Metazoa, as determined by maximum
likelihood (Tamura et al., 2011) and Bayesian
(Huelsenbeck and Ronquist 2001) methods.
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Phylogeny shown is the result of ML analysis, with
differences in topology using Bayesian methods
indicated with dotted lines. Bambi phylogenies
determined using the JTT model (Jones et al.,
1992), NOMO phylogenies under the WAG model
(Whelan and Goldman 2001). Bambi phylogeny
based on 73 informative amino acid alignment cre-
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in Supplementary File 1. Scale bars represent
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action (Dettmer 2010).

Phylogenetic analysis of NOMO sequence from a range of
metazoans can be seen in Fig. 9B, rooted with an apparent NOMO
sequence found in Arabidopsis thaliana. NOMO is found in every
genome examined in this work, implying a crucial role in cell sig-
nalling, even in species where Nodal is not found (for example,
in the Ecdysozoa).

NOMO:-like sequences are well described outside the Metazoa
and are suggested to be found throughout the Eukaryota (Homolo-
Gene:13810). It seems that NOMO is particularly poorly named
given its conservation outside of clades where Nodal exists, and
in many cases where TGF-f signalling is entirely absent. Some
recent analyses have suggested that NOMO is involved in the
regulation of nicotinic acetylcholine receptor functionality (Almedom
etal., 2009, for example), and this, along with the widespread con-
servation of NOMO throughout the Eukaryota, suggests that this
complex has been recruited by metazoans for further regulation
of TGF-p signalling — although much mechanistic work is required
to untangle how this regulation is performed.

Discussion

General Lophotrochozoan TGF-$componentry and the evolu-
tion of TGF-g signalling

The results of our analysis of lophotrochozoan TGF-p cas-
settes can be seen in Table 1 and for TGF-f ligands in particular
in Fig. 10. In general, the complements of the annelid and mollusc
species considered in our analysis resemble that of invertebrate
deuterostomes more than they resemble those of ecdysozoan
models. Ligand diversity seems more pronounced than that seen
in the Ecdysozoa, and many regulatory components, such as the
noggin class, seem to be the result of Ecdysozoa-specific, rather
than protostome-wide, loss.

The most striking differences between the cassettes of other
metazoans and our sampled datasets are in the case of the rotifer

BMP-Like

Types of Ligands:

Homo sapiens
Strongylocentrotus purpuratus
Drosophila melanogaster
Apis mellifera

Capitella teleta
Pomatoceros lamarcki
Lottia gigantea

Patella vulgata

Adineta vaga

Brachionus plicatilis
Schistosoma mansoni
Nematostella vectensis
Mnemiopsis leidyi

Fig. 10. TGF-p ligand family presence and absence in a range of metazoan species, as deter-
mined in the present manuscript or inferred from previously published work. Only species with
clearly informative TGF ligand identity known are listed above. Confirmed identity is shown in green
(no lines), tentative identity in orange (single diagonal line) and absence in red (two diagonal lines,

forming a cross).

B. plicatilis and the planarian S. mansoni. Extensive loss seems to
have occurred at the ligand and regulatory levels in these Phyla,
with Smad and receptor diversity relatively unchanged, particularly
in S. mansoni.

These apparent lost genes could be missing from our datasets
due to inadequate assembly of these genomes. This is more likely
for B. plicatilis than for S. mansoni, as this genome results from
a much deeper sequencing effort. Other planarian genomes also
exist, allowing assessment by comparison to outgroups in cases of
loss. Analyses of the B. plicatilis dataset, however, implies that the
substantial majority of genes present in that species are recovered
by the genome dataset used here, and while some missing genes
are perhaps to be expected from our analysis, we would not expect
these to be numerous.

It should be noted that the TGF-p componentry of S. mansoni
is very similar to that of S. japonicum and in most cases to that
of S. mediterranea, and it has been chosen as a representative
and very well described member of its Phylum for the purposes of
comparison. While some differences exist — S. mediterranea, for
example, has eight Noggin sequences listed on Genbank — these
appear to be the result of lineage specific loss or gain, and the S.
mediterranea genome is still generally cited as a draft resource.
It is possible that more basal planarian species will exhibit a more
complete TGF-f complement than the species currently sampled.

Any loss of regulatory elements is of interest, as the fine-scale
regulation of TGF-f3 ligands is known to play a variety of key roles
in the establishment of bodily axes in other Phyla, for example,
in the establishment of dorsoventral polarity and the germ layers
in Xenopus laevis (Hill 2001). How lophotrochozoans accomplish
these tasks, perhaps without the aid of these modulators of signal-
ling, remains to be established.

While the internal phylogeny of the lophotrochozoan clade is
yet to be fully resolved, most studies place molluscs and annelids
as sister groups (in the Trochozoan clade, along with brachiopods,
phoronids and nemerteans), with planarian and rotifer dataimplying
thatthese Phyla are only distantly related to
the Trochozoa sensu stricto. While our sam-
plingmay notallow ustotrace the evolution
ofthe lophotrochozoan TGF-f3 complement
across the entirety of its constituent Phyla,
we can be confident that the last common
ancestor of the Trochozoa, Rotifer and
Platyhelminthes will be relatively closely
related in molecular complement to the
Urlophotrochozoan (the common ancestor
of alllophotrochozoans), and our sampling
thus allows us to draw inference as to the
cassette of that hypothetical organism, by
mapping gain and loss onto a schematic
phylogeny (Fig. 11).

Our work therefore suggests that we
might expect the TGF-f signalling comple-
ment of the Urlophotrochozoanto be com-
plete, with only the Dan clade completely
missing fromthe ancestrally shared regula-
tory cassette across all lophotrochozoan
Phyla, and no lophotrochozoan-wide loss
seen in the ligand complement. Loss is,
however, prevalent in gene families in the

TGF-B like



planarians and in the rotifer species sampled, implying that a di-
verse TGF-p complement may not be necessary for these clades,
although the reasons why these genes have been lost while being
so well conserved in other lineages remains unknown.

It should be noted that our findings suggest that the use of the
phrase “TGF-p signalling” represents a historical accident, rather
than a unified nomenclature reflecting a diversity of TGF-g ligands.
The considerable momentum of the published literature means that
this classification scheme is unlikely to be challenged, but we would
suggest that “BMP signalling” is a more representative term for the
ligand superclass and cascade as a whole, with TGF-f ligands be-
ing a probable deuterostome novelty. The TGF-p-like class would
then perhaps be more properly termed the Activin/Myostatin-like
class. However, we recognise the historical contingencies inher-
ent in the current naming scheme, and have named our ligands
accordingly in this manuscript.

In general, however, the TGF-f ligand signalling cassette is well
conserved in the Lophotrochozoa, which will allow us to compare
functional roles and expression of these elements between this
Superphylum and the Deuterostomia and the Ecdysozoa — a
practice that has not always been possible when only these lat-

Non-Bilatarian Non-Vertebrate

Metazoa Ecdysozoa Lophotrochozoa Deuterostomia
BMP 3 L
ALP | Nodal O‘;tc:t‘l’r"”ll‘ s GDF 9
GoF1/3 Y

| Lefty

Nodal, Maverick

ADMP, BMP2/4, BMP3,

Vertebrata

Maverick

BMP 5-8, BMP 9/10,

Activin, Myostatin Gains in Green at Left

Losses in Red at Right
Novelties found only in one
species not mapped.

Metazoan Common
Ancestor

A

Non-Vertebrate
Deuterostomia

Non-Bilatarian

Metazoa Ecdysozoa

Lophotrochozoa

Noggin-like

Tolkin | Chordin-like

| Dante

Bambi, Tsg

Chordin/Chordin-like, Noggin/

Vertebrata

Noggin-like, Follistatin, Gremlin,

Dan, Tolloid, NOMO, SMURF Gains in Green at Left

Losses in Red at Right
Clade-wide Loss Shown

B Metazoan Common

Ancestor

Fig. 11. Gain and loss of TGF- ligands (A) and modulators of TGF-g signalling
(B) across the Metazoa, mapped onto a schematic cladogram of the inter-
relationships of these Superphyla. Position of TGFf itself is contingent on the
true assignation of TG status to M. leidyi protein sequence by Pang et al., 2011,

as this hypothesis is only weakly supported by our analysis.
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ter Superphyla were described, as often one or other lacked a
gene completely. This has and will continue to allow us to infer
ancestral roles for a variety of genes, a vital step in understanding
how animal life in general, and the TGF-p signalling cascade in
particular, has evolved.

Conclusions

Here we have presented the first systematic treatment of the
TGF-p signalling cascade in the Lophotrochozoa. This work will
provide the building blocks to allow us to understand a variety of
developmental and homeostasis-related signalling cascades in
these species, and also provide a valuable resource for tracing
the ancestral functionality of the TGF-f pathway.

We have shown that while some aspects of the TGF-f signalling
pathway are very highly conserved in the Lophotrochozoa when
compared to other Superphyla and basal clades, some aspects,
notably the TGF-B-like ligand complement, are highly derived, and
differ greatly, even when compared between closely related species.

The loss of regulatory elements of the TGF-f signalling cascade
is also particularly intriguing, as without the modulation of signalling
provided by these molecules lophotrochozoans may have
evolved alternative means of interpreting the levels of signal
provided by TGF-f ligands, without relying on gradient control.
Further research will be required to discern how this occurs.

This data will act as the starting point for a number of
investigations into the function, evolution and diversification
of these molecules in this under-represented Superphylum,
and fills in the last major gap remaining in our understanding
of the diversity of this cascade across metazoan life.

Materials and Methods

Gene identification

Gene sequences were derived from P. lamarcki, P. vulgata, B.
plicatilis (Transcriptome sequences as described in Werner et al.,
2012, Kenny and Shimeld 2012, genomic sequence manuscripts in
prep), S. mansoni (Berriman et al., 2009), L. gigantea and C. teleta
(Simakov et al., 2013) genomic sequences, downloaded to a local
server. A. vaga sequences were taken from http://www.genoscope.
cns.fr. These were identified using tBlastn (Altschul et al., 1990) of
conserved regions of known gene sequence against each dataset.
Genes thus putatively identified were then reciprocally blasted
against the NCBI nr database using Blastx to further confirm their
identity. Conversion into protein sequence was carried out using the
EMBOSS Transeq (http://www.ebi.ac.uk/Tools/st/emboss_transeq/)
tool, assuming standard codon usage.

Phylogenetic analysis

Gene sequences were aligned with those of known identity
downloaded from the NCBI nr database, using MAFFT version 7
(Katoh and Standley 2013) under the G-INS-i strategy unless oth-
erwise stated, and alignments saved in fasta format and imported
into MEGAS5 (Tamura etal., 2011) for alignment curation. Conserved
domains were identified and alignments trimmed to these areas for
further analysis, with sections of alignment containing gaps excluded
in all cases for the purpose of phylogenetic inference.

Maximum likelihood analysis was performed using MEGA5
(Tamura et al., 2011) using the WAG model (Whelan and Goldman
2001) unless otherwise stated, 1,000 bootstrap replicates and all
other default prior settings. Bayesian phylogenetic analysis was
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performed with MrBayes v3.2.1-x64 software (Huelsenbeck and Ronquist
2001) using the WAG model (Whelan and Goldman 2001) of amino acid
substitution unless otherwise stated, after initial identification using mixed
models. The Monte Carlo Markov Chain search was run over 1,000,000
generations, unless otherwise stated in figure legends, and trees were
sampled every 1,000 generations, with the first 25 % of trees thus gath-
ered discarded as ‘burn-in’. For the purposes of tree display, Contype was
configured to Allcompat, but all other priors remained at default.

Gene sequences are firmly assigned homology to known genes where
both maximum likelihood and Bayesian trees agree on the placement of
these sequences within a clade of genes of known identity, and at least
one phylogenetic reconstruction method shows node support with these
genes of known homology with a bootstrap value greater than or equal to
80, or posterior probability support greater than or equal to 0.9. The suffix
“-like’ is affixed to gene names where these criteria are not met.
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