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Abstract

The ascidian belongs to the sister group of vertebrates and shares many features with them. The gene
regulatory network (GRN) controlling gene expression in ascidian embryonic development leading
to the tadpole larva has revealed evolutionarily conserved gene circuits between ascidians and
vertebrates. These conserved mechanisms are indeed useful to infer the original developmental
programs of the ancestral chordates. Simultaneously, these studies have revealed which gene circuits
are missing in the ascidian GRN; these gene circuits may have been acquired in the vertebrate
lineage. In particular, the GRN responsible for gene expression in ectodermal cells of ascidian
embryos has revealed the genetic programs that regulate the regionalization of the brain, formation
of palps derived from placode-like cells, and differentiation of sensory neurons derived from neural
crest-like cells. We here discuss how these studies have given insights into the evolution of these

traits.

Keywords: Ascidians, midbrain-hindbrain boundary organizer, neural crest, placodes,

telencephalon, gene regulatory network
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Introduction

The ascidian is the closest relative of vertebrates, and they share the same basic body plan
(Lemaire, 2011, Satoh, 2003). This shared body plan includes the dorsal nerve cord, which anteriorly
ends with the brain. Neurogenic placodes and neural crest are often considered to be specific to
vertebrate embryos (Gans & Northcutt, 1983). However, recent studies have revealed that the
ascidian embryo has neurogenic placode-like cells and neural crest-like cells, although it has been
suggested that they may be primitive or vestigial (Abitua et al., 2015, Abitua et al., 2012, Cao et al.,
2019, Horie et al., 2018, Ikeda et al., 2013, Liu & Satou, 2019, Manni et al., 2005, Mazet et al.,
2005, Stolfi et al., 2010, Wagner & Levine, 2012, Waki et al., 2015). Evolutionary changes occur
through alterations of gene regulatory networks (GRNSs) for the specification of cell types and tissues
over time. Therefore, the analysis of the structure and functions of the GRNs responsible for

embryonic structures is essential for understanding how such embryonic structures evolved.

The ascidian genome is much simpler than those of vertebrates. The genome of the most
widely used ascidian, Ciona intestinalis (type A or C. robusta), has been almost completely
sequenced (Dehal et al., 2002, Satou et al., 2008a, Satou et al., 2019). The genome size is
approximately 125 Mb, containing about 16,000 genes. Among them, only about 600 genes encode
transcription factors and signaling ligands, which represent the main GRN nodes. However, not all
regulatory genes are expressed during embryonic development. Among maternally expressed
regulatory genes, Gata.a, B-catenin, Tcf7, and Macho-1 (Zic-r.a) are particularly important, because
these factors combinatorially set up the initial pattern of zygotic gene expression in the 16-cell
embryo (Bertrand et al., 2003, Hudson et al., 2013, Imai et al., 2000, Nishida & Sawada, 2001, Oda-
Ishii et al., 2016, Oda-Ishii & Satou, 2018, Rothbicher et al., 2007, Satou et al., 2002, Yagi et al.,

2004, Imai et al., 2019). Only about 90 genes are zygotically expressed between the 16-cell stage
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and the early gastrula stage (Imai ef al., 2004, Miwata et al., 2006). At the early gastrula stage, the
developmental fate of individual cells is largely restricted to one tissue (Nishida, 1987), although
some tissues further differentiate into multiple cell types in later embryos (Tokuoka et al., 2004,
Tokuoka et al., 2005, Satou et al., 2001, Cao et al., 2019, Ryan et al., 2016, Kusakabe et al., 2002).
Thus, the GRN responsible for the cell fate specification in the ascidian embryo is constituted with
the limited number of regulatory genes. Therefore, because of the limited number of genes involved,
a comprehensive genome-wide analysis in this experimental system is particularly feasible and could
lead to a complete understanding of the structure and functions of the GRN involved in the cell fate

specification (Imai et al., 2006, Satou & Imai, 2015).

Another advantage is that the number of cells that constitute an ascidian embryo is small.
Even a larva contains only 2,600 cells (Satoh et al., 2003). Because of this embryonic simplicity, the
identity of cells expressing a specific gene of interest can be easily determined by in situ
hybridization and single-cell transcriptome analysis in normal and experimental embryos (Cao et al.,

2019, Horie et al., 2018, Imai et al., 2004, Imai et al., 2006).

Specification of ectodermal fate

After fertilization, ascidian embryos divide twice along the animal—vegetal axis, while the
third division occurs latitudinally. Most ectodermal cells are derived from the animal hemisphere
cells, although a small number of nerve cord cells are derived from the vegetal hemisphere (Nishida,
1987). In the animal hemisphere, a maternal transcription factor, Gata.a, directly activates Tfap2-r.b
(encoding a TFAP2-like transcription factor), Efna.d (encoding type-A ephrin), and Gdf1/3-r

(encoding a TGFp signaling molecule) between the 8-cell and 16-cell stages (Oda-Ishii ef al., 2016,
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Imai et al., 2004, Oda-Ishii et al., 2018, Rothbécher et al., 2007, Imai et al., 2019) (Figure 1a, b).
Sox1/2/3 is also activated between the 8-cell and 16-cell stages (Miya & Nishida, 2003, Imai ef al.,
2004), although it is still unclear how this gene is activated. However, Sox1/2/3 expression begins
immediately after the zygotic genome activation, and therefore it has been hypothesized that it is
directly activated by maternal factors. Sox1/2/3 activates Dlx.b, which specifies the epidermal fate in
cooperation with Tfap2-r.b at a later stage (Imai et al., 2017). Efna.d plays a key role in restricting
the neural fate to two pairs of cells within the ectodermal territory by suppressing the MAPK
pathway activity in epidermal cells, while Gdf1/3, as well as Admp, which is secreted from the
vegetal hemisphere, also weakly suppress the expression of neural genes in the animal hemisphere
(Ohta & Satou, 2013, Ohta et al., 2015). In opposition to the secreted proteins mentioned before,
Fgf9/16/20, which is secreted from the vegetal hemisphere, induces the neural fate through the
activation of the MAPK pathway (the interaction of these signaling factors is further discussed in the
next section). Interestingly, the presumptive epidermal cells do not express signaling molecules
capable of inducing the epidermal fate in an instructive way. Thus, no instructive cell-cell
interactions are required for specification of the epidermal fate, meaning that the ‘default’ fate, in the
absence of instructive signals, is epidermal. This conclusion is consistent with the result of an
embryological experiment, in which continuously dissociated cells (no cell-cell interactions occur)

become epidermal cells (Nishida, 1992).

Neural induction

The ascidian embryo differentiates the neural plate in the ectoderm, as vertebrate embryos
do. In vertebrate embryos, the anterior boundary of the neural plate produces neurogenic placodes,

which are often considered to be a vertebrate-specific feature (Gans & Northcutt, 1983). It has been
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hypothesized that the anterior neural plate boundary (ANB) of the ascidian embryo has the same
evolutionary origin as the vertebrate cranial placodes, and accumulating evidence has indeed
supported this hypothesis (Abitua et al., 2015, Wagner & Levine, 2012, Liu & Satou, 2019, Manni et
al., 2005, Mazet et al., 2005, Horie et al., 2018). Similarly, it has been considered that cells in the
lateral neural plate boundary (LNB) of ascidian embryos share the same evolutionary origin with the
vertebrate neural crest (Abitua et al., 2012, Waki et al., 2015, Stolfi et al., 2015). Details for the
ANB and LNB cells are discussed in the subsequent sections. The ANB and LNB cells, together
with the anterior and lateral parts of the neural plate, are derived from two pairs of cells in which Otx
is expressed at the 32-cell stage (Figure 2a); cell-cell interactions are necessary for Otx expression,
and these interactions are considered to represent neural induction in the ascidian embryo (Hudson &

Lemaire, 2001).

The Otx expression is induced by a secreted signaling molecule, Fgf9/16/20, while three
other signaling molecules, Ephrin (Efna.d), Gdf1/3-r, and Admp, are negative regulators of Otx
expression (Figure 2b) (Bertrand et al., 2003, Ohta & Satou, 2013, Ohta et al., 2015). Fgf9/16/20 is
expressed in all vegetal hemisphere cells except the most posterior germline cells and potentially
activates the downstream intracellular MAPK pathway in all cells in the animal hemisphere.
However, in all the animal cells, except the neural cells, the activity of the MAPK pathway is
suppressed by Efna.d, which is a signaling molecule anchored to the cell membrane and expressed in
all animal cells. The MAPK pathway activity that is not suppressed by the Efna.d activity in the
presumptive neural cells differentiates the neural fate from the naive ectodermal fate. In the 32-cell
embryo, the presumptive epidermal cells are expected to receive more Efna.d molecules than the
presumptive neural cells, because the epidermal cells have a larger surface contact areas with Efna.d-
expressing cells than the neural cells (Tassy et al., 2006, Ohta & Satou, 2013, Ohta et al., 2015).

This antagonism between Fgf9/16/20 and Efna.d is repeatedly used during the ascidian development
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(Haupaix et al., 2014, Haupaix et al., 2013, Picco et al., 2007, Shi & Levine, 2008). The MAPK
pathway, which is activated specifically in the neural lineage, directly regulates the activity of the

Ets and Gata.a transcription factors, which in turn regulate Ozx (Bertrand et al., 2003).

Admp is a signaling molecule closely related to the BMP protein family, and Gdf1/3-r is a
TGFp signaling factor related to the mammalian Gdf1 and Gdf3 proteins and the Xenopus Vgl
factor. These two signaling molecules weakly repress Otx expression. In the absence of these factors,
Otx is ectopically expressed in all animal cells, because the activity of the MAPK pathway is not
completely suppressed by Efna.d (Ohta & Satou, 2013). The Otx expression in the anterior and
posterior neural cells contributes to the formation of the ANB and LNB cells. In addition, in the
posterior neural cells, Nodal is expressed and plays an important role (see below). Because Nodal is
repressed in the anterior cells by Foxa.a, Nodal is expressed specifically in the posterior lineage
(Ohta & Satou, 2013). In this way, the neural induction occurs through the multiple signaling
pathways, and this mechanism may represent a conserved mechanism for the neural induction
among tunicates and vertebrates, because the FGF signaling pathway and BMP signaling pathway
regulate positively and negatively neural fate similarly in tunicate and vertebrate embryos (Delaune
et al., 2005, Marchal et al., 2009, Munoz-Sanjuan & Brivanlou, 2002, Streit et al., 2000, Wilson et

al., 2000).

Meanwhile, in amphioxus, the BMP signaling pathway negatively regulates neural fate,
while the FGF signaling pathway is not essential for neural induction (Yu et al., 2007, Bertrand et
al., 2011). It is not clear whether these two signaling pathways were used in common ancestral
chordates of vertebrates, tunicates, and amphioxus. A recent study also suggested that Nodal
signaling is important for neural induction in amphioxus and Xenopus (Le Petillon et al., 2017).

However, in ascidian embryos, Nodal is not expressed before Otx expression, and Gdf1/3-r, which
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probably shares the intracellular signal transduction pathway with Nodal, regulates neural fate
negatively. It remains to be determined whether ancestral chordates used Nodal signaling for the

neural induction.

The necessity of inhibiting the BMP activity for the neural induction in the ascidian
embryo had been debated (Darras & Nishida, 2001, Passamaneck & Di Gregorio, 2005, Kourakis &
Smith, 2005). However, recent studies have revealed that BMP signaling negatively regulates the
expression of Otx and Nodal (Ohta & Satou, 2013, Ohta et al., 2015). In their upstream regulatory
regions, cis-regulatory elements responsive to Fgf signaling may play a more dominant role than
those responsive to BMP signaling, and therefore strong inhibition of BMP activity may not be
necessary. Consistent with this view, no BMP antagonists have not been found to be expressed at the

32-cell stage even in a comprehensive expression assay (Imai ez al., 2004)

Anterior neurogenic placodes and the anterior part of the neural plate

The anterior part of the brain is derived from the anterior neural cell pair with Otx
expression in the 32-cell embryo (cyan cells in Figure 2a), and the brain fate specification requires
Zic-r.b (Imai et al., 2002b). Although the expression of Zic-.b is regulated positively by Fgf9/16/20
(Wagner & Levine, 2012), the expression of Zic-r.b is repressed by Hes.a and Prdm1-r
transcriptional factors at the 32-cell stage (Ikeda et al., 2013, Ikeda & Satou, 2017). Between the 32-
and 64-cell stages, the neural cells divide in the mediolateral direction (Figure 3a). Although all of
the daughter cells are in extensive contact with vegetal cells expressing Fgf9/16/20, the expression
of Zic-r.b is still repressed by Prdm1-r at the 64-cell stage. Because Prdm1-r also represses its own

gene expression, this repression is relieved after the next division. As this cell division occurs in the
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animal—vegetal direction, the daughter cells closer to the vegetal pole, but not the remaining
daughter cells, extensively contact vegetal cells expressing Figf9/16/20 at the 112-cell stage (the right
panel in Figure 3a). Therefore, Fgf9/16/20 only acts on the daughters closer to the vegetal pole to
induce the expression of Zic-r.b, while the remaining daughters express Foxc instead, which is
negatively regulated by Fgf9/16/20 in the cells with Zic-r.b expression (Wagner & Levine, 2012).
The cells expressing Foxc give rise to the ANB cells. Thus, in the ascidian embryos, the ANB cells

and the anterior neural plate cells are derived from a pair of common precursor cells.

In vertebrates, it is controversial whether placodes are derived from cells specified first as
neural plate border cells that have potentials to become neural crest and placode cells or whether
placodes are induced from the non-neural ectoderm (Meulemans & Bronner-Fraser, 2004, Pieper et
al., 2012, Schlosser et al., 2014). On the other hand, in the ascidian embryo, the ANB cells are
derived from the anterior neural cells with Otx expression but not from the non-neural ectoderm,
while the ANB and LNB are derived from distinct lineages. Hes.a and Prdm1-r repressors play an
important role in specifying the ANB region of the ascidian embryo by delaying Zic-r.b expression
until the cells divide along the anterior-posterior axis; if Hes.a and Prdm-r are knocked down, all
cells in these lineages are specified to the brain fate (Ikeda et al., 2013). Therefore, this delay
mechanism enables the specification of the ANB within the neural lineage. It is possible that the
addition of this delay mechanism might represent the initial event in the evolutionary acquisition of
the ANB cells; it is likely that emergence of the neural plate predates emergence of placodes,
because amphioxus embryos have the neural plate but not a clear counterpart for the pre-placodal
region or placodes (Schlosser et al., 2014). More specifically, the appearance of binding sites for
Hes.a and Prdm1-r in the regulatory region of Zic-b might have been an evolutionary important

event.
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The ANB cells divide twice along the anterior-posterior axis to make four cell rows
between the 112-cell stage and the neurula stage (Figure 3b). The central two rows express Emx,
while the anterior and posterior rows express Foxg (Foxgl) (Horie et al., 2018, Imai et al., 2004, Liu
& Satou, 2019, Wagner et al., 2014). The Foxg expression is induced by the MAPK signaling
pathway, which is active in the anterior and posterior rows (Liu & Satou, 2019). Because Foxg
represses Emx, Emx expression is restricted to the central two rows. The anterior row expressing
Foxg contributes to the protrusive structures with sensory neurons within the palps, while the second
and third rows expressing Emx contribute to the basal structures supporting the palp protrusions. The
posterior row expressing Foxg gives rise to the oral siphon primordium, which contains neurons with
chemosensory and GnRH-releasing functions (Abitua et al., 2015). Thus, this primitive placode-like
structure produces multiple tissues. This is reminiscent of the anterior pre-placodal ectoderm of the
vertebrate embryo, which produces multiple placodes including the adenohypophyseal and olfactory
placodes. GRN structures responsible for specification of cell types in the ascidian ANB and the
vertebrate pre-placodal ectoderm should be revealed more precisely and thoroughly to determine

whether these cell type specification mechanisms share the evolutionary origin.

Brain regionalization

The ascidian larval central nervous system (CNS) contains several morphologically
distinct structures (Figure 4a). The most anterior structure is the sensory vesicle, which is also called
the brain. The next distinct structure is called the visceral ganglion, which contains motor neurons,
followed by the nerve cord. There is a narrow region between the brain and the visceral ganglion,
called the neck region. It has been long debated whether these morphologically distinct regions

correspond to the vertebrate brain parts such as the forebrain, midbrain, and hindbrain (Wada et al.,
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1998, Takahashi & Holland, 2004, Dufour et al., 2006, Meinertzhagen et al., 2004).

The midbrain-hindbrain boundary (MHB) organizer plays a key role in regionalizing the
vertebrate brain. In this region, Otx and Gbx are expressed anteriorly and posteriorly, respectively,
and Fgf8 plays a key role in the boundary formation (Liu & Joyner, 2001). Although the ascidian
genome lacks Gbx (Wada et al., 2003, Satou et al., 2008b), Otx is expressed only in the sensory
vesicles but not in the neck or visceral ganglion (Figure 4a). The neck region expresses Hox/,
Pax2/5/8, and Phox2, while the visceral ganglion expresses HoxI, En, and Dmbx (Wada et al., 1998,
Takahashi & Holland, 2004, Dufour et al., 2006, Ikuta & Saiga, 2007, Imai et al., 2009). Although
these genes are expressed in specific domains in vertebrate brains, there is no perfect correspondence
between the ascidian and vertebrate gene expression patterns in the brain. Nevertheless, these studies
have established that the ascidian CNS consists of several distinct domains with different gene
expression profiles (Figure 4a) (Wada et al., 1998, Takahashi & Holland, 2004, Dufour et al., 2006,

Meinertzhagen et al., 2004, Ikuta & Saiga, 2007).

The ascidian ortholog for vertebrate FigfS, Figf8/17/18, is repeatedly expressed in different
CNS cells at different stages (Imai et al., 2002a, Imai et al., 2009). The GRN analysis revealed that
Fgf8/17/18 expression in the gastrula embryo is responsible for the establishment of different gene
expression patterns between the sensory vesicle and the neck. In particular, in embryos in which
Fgf8/17/18 is knocked down, Pax2/5/8 expression is lost and the expression of Otx and En is
observed in the neck region (see Figure 4a). This phenotype is reminiscent of that seen in the
zebrafish ace (Fgf8a) mutants, in which Otx2 expression (midbrain) is expanded and Pax§
expression (hindbrain) is lost (Jaszai et al., 2003). A similar phenotype is also found in Fgf8 mutant
mice (Chi et al., 2003). In ascidian embryos, Figf8/17/18 plays a role in patterning the brain at the

gastrula stage, which is a much earlier stage than the one observed in vertebrate embryos. This
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unexpected difference in the induction timing emphasizes the importance of analyzing the whole

development process.

The origin of the mutually exclusive expression of Otx and Gbx, which is seen in the MHB
of vertebrate embryos, may be traced back to the appearance of bilaterians as it is observed in
various bilaterian animals, including Drosophila (Urbach, 2007, Hirth et al., 2003). However,
whether Fgf is used either for formation or maintenance of the Otx/Gbx expression pattern in
ancestral animals of all bilaterians is not clear, although it is likely that Fgf was involved in the
Otx/Gbx system in the ancestral deuterostome animal (Pani et al., 2012). It is also not clear when this
mechanism began to be used for regionalizing the CNS. Furthermore, it is still debated when the
centralized nervous system emerged, and whether the nervous systems seen in the bilaterian animals
share a common evolutionary origin (Martin-Duran et al., 2018, Holland et al., 2013, Arendt et al.,
2016). Nevertheless, the GRN in the ascidian embryo indicated that the last common ancestor of

vertebrates and ascidians had an Fgf8/17/18-dependent system to regionalize the CNS.

In vertebrate embryos, the forebrain is further regionalized into the telencephalon and
diencephalon. For this regionalization, a structure called the anterior neural ridge (ANR) is required
(Shimamura & Rubenstein, 1997, Houart et al., 1998). The ANR is formed in the anterior boundary
of the neural plate of vertebrate embryos, and contribute to the anterior neurogenic placodes. The
ANR and the anterior part of the forebrain express Fgf8, which plays a key role in the development
of the telencephalon within the forebrain (Shimamura & Rubenstein, 1997). Here, Fgf8 constitutes a
positive feedback loop with Foxg (Figure 4b) (Tao & Lai, 1992, Martynoga et al., 2005, Kawauchi
et al., 2009). As already mentioned before, Foxg is expressed in the anterior and posterior rows of
the four rows of the ascidian placode-like ANB cells, although the ascidian larva does not have any

morphologically similar structure to the vertebrate telencephalon. In the ascidian embryos, Foxg is
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activated under the control of the MAPK pathway, while Fgf8/17/18 is not expressed in the ANB or
nearby cells, including cells in the brain (Liu & Satou, 2019). Thus, in the ascidian, while Foxg is a
potential target of Fgf8/17/18, which has the ability to activate the MAPK pathway, Fgf8/17/18 is
not a target of Foxg. Currently, the factor that activates the MAPK pathway in the ascidian ANB has

not been identified.

If the last common ancestor of ascidians and vertebrates had the telencephalon, the Fgf8
ortholog would have been regulated directly or indirectly by Foxg, in order to constitute the
regulatory Foxg-Fgf8 loop. Then this loop would have been lost in the ascidian lineage.
Alternatively, if the last common ancestor did not have the telencephalon, Foxg would have been
expressed in the ANB cells without regulating Fgf genes. In this latter case, after the split of
vertebrates and ascidians, Figf8 (or Fgf8/17/18) would have acquired a cis-regulatory region
regulated directly or indirectly by Foxg. In either case, a simple loss or acquisition of a cis-
regulatory element could explain the difference in Foxg expression between current vertebrates and
ascidians. Because amphioxus does not have a distinct telencephalon-like structure or distinct brain
cells with Foxgl expression during embryonic stages (Toresson et al., 1998), the latter hypothesis is
more likely. On the other hand, the adult amphioxus brain expresses Foxg!/ (Benito-Gutiérrez et al.,
2018) and therefore it is possible that this gene plays a similar role in the amphioxus adult brain but
not in the embryonic brain (Briscoe & Ragsdale, 2019). With this reason, the former hypothesis
cannot be ruled out. Nevertheless, the ascidian GRN structure suggests that the last common

ancestor of vertebrates and ascidians had the gene circuit, at least partially.

Another study has proposed a similar model in which the incorporation of gene regulatory
circuits in the ANB into forebrain regions might be critical for the evolution of the telencephalon, on

the basis of the observation that the ascidian ANB expresses a gene set that has been implicated in



283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

14

specification of the vertebrate telencephalon (Cao et al., 2019).

Sensory neurons in the tail

The ascidian larvae have sensory neurons (SNs) along the dorsal and ventral midlines of
the tail (Figure 5a) (Takamura, 1998). These neurons are likely to be mechanosensors and control
swimming. The dorsal SNs are derived from the LNB cells, while the ventral SNs are differentiated
from non-neural ectodermal cells (Pasini et al., 2006). From this point of view, the dorsal SNs are
similar to the vertebrate peripheral neurons, which are derived from the neural crest formed at the
lateral border regions of the neural plate. On the other hand, the ventral SNs are similar to the
peripheral neurons of other invertebrate species including amphioxus, annelids, and insects, in which
peripheral neurons are formed within the epidermal region (Lu et al., 2012, Rusten et al., 2002,

Denes et al., 2007, Zhao et al., 2019).

The GRN analysis for the ventral SNs in ascidian embryos has shown that BMP signaling
induces 7hx2/3 and subsequently Msx, which then activates a gene circuit promoting the SNs
differentiation (Figure 5b) (Waki et al., 2015). Neurons in the peripheral nervous system (PNS) of
amphioxus and protostomes are also induced by BMP signaling, which is another similarity between
the ventral epidermal SNs of the ascidian embryo and the PNS neurons of other invertebrates (Lu et
al., 2012, Rusten et al., 2002, Denes et al., 2007, Zhao et al., 2019, Holland, 2009). Interestingly, the
ascidian dorsal SNs are differentiated using the same gene circuit beginning with Msx (Figure 5b)
(Waki et al., 2015, Roure & Darras, 2016, Roure et al., 2014). As already mentioned, these neurons
are derived from the LNB cells, and these LNB cells are derived from cells expressing Nodal and
Otx at the 32-cell stage. Msx is indeed regulated under the control of Nodal and Otx, which are
activated by Fgf signaling and repressed by BMP signaling, as discussed above. Thus, from this

viewpoint, the dorsal SNs are similar to vertebrate peripheral neurons. These observations indicate
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that the ventral SNs of ascidian larvae share the evolutionary origin with those of invertebrates, and

that the dorsal SNs share the evolutionary origin with the vertebrates.

The most likely scenario of the evolution of the dorsal SN is that the dorsal SNs were
born by co-option of the gene circuit activated by Msx expression, because this circuit is shared
between the dorsal and ventral lineages and the ventral one is likely to be ancient. A change in an

upstream regulatory element of Msx may have been enough to activate the gene circuit in the LNB.

Conclusions

GRNSs control gene expression temporally and spatially during animal development.
Changes in the gene expression patterns are caused by changes in GRNs. Therefore, GRN-based
comparisons have given more direct and precise insights into how various traits have been acquired
during evolution than gene expression pattern-based comparisons. For example, in the epidermal
SNs of the ascidian larval tail, the precise point of the co-option of the gene circuit for SN
differentiation between the two distinct PNS lineages has been identified. It is highly likely that this
co-option is related to the evolutionary emergence of the neural crest cells. The analyses of the
regulatory mechanisms of Foxc and Foxg expression indicated the possible evolutionary changes
that might have led to the acquisition of the placodes and telencephalon. Many changes other than
such possible critical changes are expected to have occurred during evolution, and therefore it may
be difficult to directly test such possibilities using extant animals in most cases. Nevertheless,
several pioneering studies have succeeded in testing such possibilities (Abitua ef al., 2012, Horie et
al., 2018, Lu et al., 2012). For example, misexpression of Twist-r converts non-migratory neural-

crest like cells to migratory cells (Abitua et al., 2012). Thus, GRN studies have revealed which type
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embryos and larvae share more features with vertebrates than previously thought.
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Figure legends

Figure 1. The animal hemisphere cells are ectodermal. (a) The bilateral 16-cell embryos. Cells
in the animal hemisphere are colored. (b) The gene circuits specifying the epidermal and neural fate.
At the 16-cell stage, Sox1/2/3, Tfap2-r.b, Gdf1/3-r, and Efna.d are expressed in the animal

hemisphere and initiate the genetic program for the development of ectodermal tissues.

Figure 2. Neural induction in the ascidian embryo. (a) Among the animal cells, two anterior cells
(cyan) and two lateral cells (green) are induced to express Otx (indicated by dots). The cells colored
in orange have the epidermal fate. (b) The regulatory mechanism that drives Otx expression in the
neural cells. Fgf9/16/20, which comes from the vegetal hemisphere, induces Otx expression. This
signaling molecule activates Ets1/2.b and Gata.a through the MAPK signaling pathway. However, in
non-neural cells, Ephrin signaling downregulates the MAPK signaling pathway, and thereby Otx is

not activated. In both lineages, Admp and Gdf1/3 weakly suppress Otx expression.

Figure 3. Gene regulatory mechanisms specifying the anterior border of the neural plate. (a) In
the anterior neural lineage, Fgf9/16/20 signaling positively regulates Zic-rb, although this action is
antagonized by two transcriptional repressors, Hes.a and Prdm1-r. At the 112-cell stage, these
repressors disappear, and only a subset of the anterior neural cells are adjacent to cells expressing
Fgf9/16/20. Therefore, at the 112-cell stage, this subset of cells (yellow) expresses Zic-7.b, while the
remaining cells, which will give rise to the anterior neural plate border (ANB; blue), express Foxc.
Sister cell relationships are indicated by connecting lines. (b) The neural plate and the anterior and

lateral border regions of cells at the gastrula stage and the ANB at the neurula stage.

Figure 4. The central nervous system (CNS) of the ascidian larva. Four morphologically distinct

regions are recognizable in the CNS; the brain, neck, visceral ganglion, and nerve cord. The
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expression patterns of several important genes in the CNS is shown. For simplicity, gene expressions
between the gastrula and tailbud stages are summarized according to the cell lineages. Fgf8/17/18
positively and negatively regulates the fate of the neck and brain, respectively. (b) A regulatory loop
between Fgf8 and Foxgl acting in the anterior neural ridge and telencephalon of vertebrate embryos

is only partially conserved in the ascidian embryos.

Figure 5. Specification of the dorsal and ventral sensory neurons (SNs) of the ascidian larva.
(a) The ascidian tadpole larva develops the epidermal SNs in the dorsal and ventral sides of the tail
(green and orange, respectively). Note that the number of SNs varies among individuals (Pasini et
al., 2006, Waki et al., 2015). (b) Gene regulatory circuits specifying the dorsal and ventral SNs. Both

SNs share the same gene circuit beginning with Msx expression.
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