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Abstract

Tunicates are a diverse group of invertebrate marine chordates that includes the larvaceans, 

thaliaceans, and ascidians. Because of their unique evolutionary position as the sister group of the 

vertebrates, tunicates are invaluable as a comparative model and hold the promise of revealing 

both conserved and derived features of chordate gastrulation. Descriptive studies in a broad range 

of tunicates have revealed several important unifying traits that make them unique among the 

chordates, including invariant cell lineages through gastrula stages and an overall morphological 

simplicity. Gastrulation has only been studied in detail in ascidians such as Ciona and Phallusia, 

where it involves a simple cup-shaped gastrula driven primarily by endoderm invagination. This 

appears to differ significantly from vertebrate models, such as Xenopus, in which mesoderm 

convergent extension and epidermal epiboly are major contributors to involution. These 

differences may reflect the cellular simplicity of the ascidian embryo.

Introduction: Tunicates: their place on the evolutionary tree and their 

contribution to our understanding of embryology

Tunicates were among the earliest experimental models for embryology. Embryologists were 

attracted to the ascidian embryo, with its regular cleavage program and small, simple 

embryonic body plan. Laurent Chabry performed blastomere separation experiments in early 

embryos of the ascidian Ascidiella aspersa that are regarded as foundational to the discipline 

of experimental embryology (Chabry, 1887; Fischer, 1992). He found that isolated 

blastomeres showed predetermined fates, dividing as if they were still in the intact embryo. 

Although not obvious in their diverse adult forms, tunicates embryos are unmistakably 

chordate with a notochord and dorsal hollow nerve cord. The close evolutionary relationship 

of ascidians to vertebrates was well appreciated by this time (Darwin, 1871; Haeckel, 1874; 

Kowalevsky, 1866). Edwin G. Conklin (Conklin, 1905a) built on Chabry’s work and mapped 

the complete lineage of cells through and beyond gastrulation, with illustrations by 

embryonic stage and a nomenclature still in use. Conklin’s work included descriptions of 

cleavage planes, cell-cell contacts, nuclear positions, distribution of cytoplasmic 

determinants, cell fates, polar body location, and spindle dynamics, as well as comparisons 

of gastrulation and other aspects of embryogenesis between ascidians and other animals. 

Noriyuki Satoh’s SEM studies of Halocynthia roretzi confirmed and expanded on these early 

descriptions of ascidian development, bolstering inferences concerning the coordination of 
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cell movements during gastrulation and neurulation and revealing additional surface 

features, such as the presence of filopodia from interior membranes over the blastocoel 

(Satoh, 1978).

Since that time, molecular approaches in Halocynthia, Ciona and Phallusia have revealed 

much about the mechanisms driving ascidian patterning and morphogenesis, but little is 

known about tunicate gastrulation and other developmental processes outside these ascidian 

models. The tunicates are thought to have diverged from their last common ancestor with the 

vertebrates more than 500 million years ago, and are a large and diverse group. They are 

usually regarded as a chordate sub-phylum, but some authors have argued that they should 

be elevated to phylum status (Satoh et al., 2014). The ascidians (class Ascidiacea) are sessile 

as adults and are the most speciose group of tunicates, represented by nearly 3000 separate 

types (“WoRMS - World Register of Marine Species,” 2019) across three orders, 

Phlebobranchia, Stolidobranchia and Aplousobranchia, each characterized by differences in 

gill-slit morphology. Many of these are solitary, but colonialism has evolved independently 

in multiple ascidian lineages (Brown and Swalla, 2012), with varying degrees of 

physiological integration. The thaliaceans (class Thaliacea), with about 80 known species, 

are pelagic as adults and move through the water column by pulsating muscular 

contractions, using incurrent and excurrent siphons at opposite ends of the body. 

Thaliaceans, including pyrosomes, salps and doliolids, can be seen singly, or as chains of 

asexually budding animals. They can show alternation of sexual and asexual generations, 

and can reproduce asexually at an explosive rate during plankton blooms (Holland, 2016). 

The larvaceans (class Appendicularia) are also pelagic and represented by about 70 species 

(“WoRMS - World Register of Marine Species,” 2019). Larvaceans are so called because 

they never lose their tails and resemble larvae into adulthood. They live inside buoyant 

glycoprotein “houses” that aid in filter feeding and are secreted by specialized epidermal 

organs.

Molecular phylogenies using concatenated sequence datasets reveal that tunicates, and not 

cephalochordates, are the sister taxon to the vertebrates (Figure 1) (Bourlat et al., 2009; 

Delsuc et al., 2006). Two recent phylogenies, largely congruent, go further to resolve 

relations amongst the tunicates (Delsuc et al., 2018; Kocot et al., 2018) as summarized in 

Figure 1. Larvaceans are the basal lineage, pointing to a possible pelagic ancestor for the 

tunicates as a whole. The ascidian order Stolidobranchia is sister to a group that includes the 

Thaliacea plus an Aplousiobranchia/Phlebobranchia pairing (the phlebobranch ascidians 

may themselves be paraphyletic, however). The placement of thaliaceans within the 

Ascidiacea is contrary to most older classification schemes of the last century (see, e.g., 

(Brusca and Brusca, 1990)) but is well-supported and suggests this free-swimming group 

evolved from a benthic ascidian ancestor, underscoring the potential for extensive 

morphological innovation in these lesser-studied tunicates (Kocot et al., 2018).

Events leading up to gastrulation

Cleavage patterns

Only minor differences in embryonic cleavage patterns have been described between 

different ascidian species. Ciona cell lineages were first described in detail by Conklin 
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(Conklin, 1905a), who also took advantage of the highly pigmented Styela egg to identify a 

cytoplasmic component he called the “myoplasm” that segregates with muscle fate (Conklin, 

1905b). This was arguably the first cytoplasmic determinant of cell fate to be identified, and 

provided the foundation for the mosaic theory of development (Conklin, 1905c). Conklin’s 

cell lineages were refined and extended by Hiroki Nishida who performed blastomere 

labeling experiments in Halocynthia, which has a larger embryo better suited to single-cell 

microinjection than Ciona (Nishida, 1987; Nishida and Satoh, 1985, 1983). Most cells are 

restricted to a single tissue fate by the start of gastrulation at the 112-cell stage (Nishida, 

1987), though there is extensive subsequent refinement of cell identity in the neural lineages 

in particular (Hudson et al., 2007; Racioppi et al., 2014; Stolfi et al., 2011). The fate map has 

not been deciphered with single cell resolution all the way to the hatched larval stage, but 

several specific lineages have been traced well past gastrulation (Carlson et al., 2015; Nicol 

and Meinertzhagen, 1988a; Stolfi et al., 2015; Stolfi and Levine, 2011; Tokuoka et al., 2004; 

Wang et al., 2019). Many markers of tissue differentiation are expressed normally even in 

embryos that have been cleavage arrested prior to gastrulation (Nishikata et al., 1987; Okado 

and Takahashi, 1988; Whittaker, 1973).

The first two rounds of division are at right angles and give rise to four similarly sized 

daughter cells. The first division splits the left and right halves of the embryo, and the 

second division nominally separates anterior from posterior (Conklin, 1905a). The third 

round of division is again orthogonal to the prior two and separates the animal and vegetal 

hemispheres of the embryo. These cleavages are slightly asymmetric in volume, with the 

animal daughters all somewhat smaller than their vegetal siblings (Conklin, 1905a). Cell 

divisions remain synchronous through the 4th and 5th cell cycles, but many of the vegetal cell 

divisions are highly asymmetric with major differences in size and fate between anterior and 

posterior daughters (Conklin, 1905a; Dumollard et al., 2017; Hibino et al., 1998; Iseto and 

Nishida, 1999; Nishikata et al., 1999; Patalano et al., 2006; Tassy et al., 2006). After the 32-

cell stage, cell cycle times slow in the vegetal hemisphere to give distinct 44 and 76-cell 

stages (Dumollard et al., 2013). Animal cells continue to divide relatively symmetrically to 

give rise to most of the ectoderm, whereas many of the vegetal divisions are asymmetric in 

fate and/or size to give rise to a variety of largely mesodermal and endodermal cell types 

(Conklin, 1905a; Nishida, 1987).

Ooplasmic segregation/PEM

Early embryonic patterning depends on two successive cytoplasmic reorganizations in the 

first cell cycle known as the first and second ooplasmic segregations. Ascidian oocytes are 

polarized along the animal-vegetal axis prior to fertilization (Sardet et al., 1992), and the 

first ooplasmic segregation helps to reinforce this polarity. The second ooplasmic 

segregation breaks the radial symmetry of the egg and establishes the future anterior-

posterior axis. Both phases involve the movement of a class of maternally deposited RNAs 

collectively known as the postplasmic/PEM (Posterior End Mark) RNAs (reviewed in 

(Prodon et al., 2007)) along with mitochondria rich myoplasm and cortical endoplasmic 

reticulum (ER). The first phase of ooplasmic segregation is influenced by both the animal-

vegetal polarization of the oocyte prior to fertilization as well as the site of sperm entry. 

Sperm entry triggers first a calcium wave and a subsequent contraction wave that 
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concentrates the postplasmic/PEM RNAs and associated factors at the vegetal pole 

(McDougall and Sardet, 1995; Speksnijder et al., 1990).

The second phase of ooplasmic segregation is driven by sperm aster microtubules and 

cortical microfilaments (Chiba et al., 1999). It relocates the vegetal PEM components to a 

more equatorial position that defines what is widely referred to as the future posterior side of 

the embryo (Sardet et al., 1989). As in many species, however, this new axis of organization 

orthogonal to the AV axis is not perfectly congruent with any Cartesian axis of the hatched 

larva. The cortical ER, postplasmic/PEM RNAs, and myoplasm are inherited by the left and 

right posterior vegetal blastomeres at the eight-cell stage, and aggregate to form a structure 

called the centrosome attracting body (CAB) (Hibino et al., 1998). The CAB is continuously 

partitioned into the posterior-most vegetal cells during the subsequent rounds of division and 

is responsible for the unequal cleavages characteristic of these lineages (Patalano et al., 

2006). Much of the anterior-posterior patterning of the embryo is thought to result directly 

or indirectly from the asymmetric inheritance of the CAB and the PEM RNAs. This includes 

a Zic family transcription factor variously known as Macho1 or Zic-r.a that has been 

identified as one of the key components of Conklin’s myoplasm (Nishida and Sawada, 

2001).

Origin of germ layers

As seen in diverse metazoans (Logan et al., 1999; Miyawaki et al., 2003; Onai, 2019; 

Wikramanayake et al., 2003), maternal nuclear β-catenin plays a key role in ascidian germ 

layer specification. β-catenin signaling is required for endodermal cell fate in the most 

vegetal cells as well as mesodermal cell fates in the more marginal vegetal cells. In Ciona 
and other ascidians, this involves two successive β-catenin dependent fate specification 

events. Nuclear β-catenin is observed in all the mesendodermal precursors at the 16-cell 

stage and is required for mesendodermal fate (Imai et al., 2000). In the next cell cycle, β-

catenin becomes restricted to only the most vegetal daughters and is required for the 

segregation of endoderm from marginal fates including mesoderm and some neural 

ectoderm (Hudson et al., 2013). In the first specification event, nuclear localization of β-

catenin in the vegetal cells is antagonistic to the ubiquitous expression of the maternal 

transcription factor Gata.a. Gata.a promotes the transcription of ectodermal specific genes in 

the animal cells (Rothbacher et al., 2007), while the nuclear localization of β-catenin both 

prevents the expression of ectodermal genes and promotes expression of mesendodermal 

genes in the vegetal cells (Imai et al., 2016). The second specification event in the following 

cell cycle also involves antagonism between vegetal β-catenin signaling and more broadly 

expressed Gata.a (Imai et al., 2016), where β-catenin promotes endodermal fate. The precise 

mechanisms linking preexisting oocyte AV polarity and ooplasmic segregation to β-catenin 

stabilization and nuclear entry remain unclear. Several downstream targets of β-catenin have 

been identified, including vegetally-expressed FGFs that are involved in a broad range of 

cell fate decisions at the margin of the embryo (Hudson et al., 2016; Imai, 2003).
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Mechanisms of gastrulation

Most ascidians initiate gastrulation after the seventh cell cycle. For Ciona this is ~5 hours 

after fertilization at 18°C (Hotta et al., 2007). The embryo rapidly flattens along the animal-

vegetal axis and invaginates to form a cup-shaped early gastrula (Figure 2, left). The 

blastopore constricts over ~2 hours to bring not just the endoderm but also the notochord, 

muscle and mesenchyme precursors into the interior of the embryo (Figure 2, right).

Endoderm-intrinsic forces in gastrulation

The most detailed mechanistic description of forces driving the morphogenetic events of 

early tunicate gastrulation used a combination of fixed and live imaging in four different 

ascidian species (Ciona intestinalis type A [now known as Ciona robusta], Ciona savignyi, 
Phallusia mammilata, and Boltenia villosa), all of which show essentially superimposable 

cleavage patterns and cell-shape changes during gastrulation (Sherrard et al., 2010). This 

study generated a comprehensive model of invagination through observation, experimental 

manipulation and computer simulation. One surprising finding was that force-generating 

myosin II dynamics intrinsic to the endoderm cells is sufficient to account for invagination. 

Equally surprising was the finding that the concomitant cell-shape changes such as epiboly 

outside the endoderm not only do not to contribute to invagination but actually oppose it. 

This is unlike Xenopus (Keller et al., 2003), where ectodermal epiboly is thought to help 

drive endodermal internalization.

Endoderm invagination is the product of two distinct and sequential steps, both driven by 

myosin II. In the first step the apical (vegetal-most) surfaces of the endoderm cells contract 

between the late 64-cell and early 112-cell stages (Apical Constriction, Figure 3). This step 

is characterized by the accumulation of activated dynamic myosin II complexes at the 

contracting apical surfaces, as seen from immunostaining for ser19-phosphorylated myosin 

II regulatory light chain (1P-myosin; (Sherrard et al., 2010)). This apical constriction is 

regulated by the well-described RhoA/Rho-kinase pathway (Beane et al., 2006; van Eekelen 

et al., 2010), and can be blocked by either dominant negative RhoA or pharmacological 

inhibition of Rho-kinase.

The second step involves embryonic morphology shifting from a flattened disk to a cup-like 

shape (Collared Rounding, Figure 3). This involves the endoderm cells contracting in the 

apical-basal dimension to become shorter, while at the same time expanding their basal 

surfaces contacting the overlying ectoderm. This change in contractility is observed as a 

redistribution of 1P-myosin staining to the basal and lateral surfaces. Interestingly, this 

second step is not RhoA dependent. The mechanism that regulates the transition from step 1 

to step 2 and that directs the assembly of activated myosin II in the apico-basal axis remains 

to be determined, but a recent preprint suggests that Nodal and Ephrin signaling may be 

important (Fiuza et al., 2018).

Importantly, during Step 2 the apical surfaces remain constricted, although no further 

constriction is observed. Immunostaining shows that at the apical surfaces the more dynamic 

1P-myosin is replaced with the more stable 2P-myosin which is phosphorylated on both 

ser19 and thr18 of the regulatory light chain. Pharmacological inhibition of RhoA at later 
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steps of gastrulation causes the apical constrictions to relax, indicating a persistent 

requirement for this pathway. Collared rounding can occur even if the cell division from 64 

to 112 cells is inhibited, indicating that this mechanism is robust.

Endoderm invagination in ascidian gastrulation involves changes in cell shape but no 

changes in cell-cell contacts. This is unlike many metazoans, where involution, ingression, 

intercalation, migration and other large scale tissue rearrangements lead to major changes in 

cell-cell neighbor relationships. Even in sea urchins, which have a relatively simple 

gastrulation, the mesenchyme cells delaminate and migrate, and the invaginating endoderm 

cells also undergo radial intercalation (Ettensohn, 1999, 1985). We speculate that the 

morphological simplicity of tunicate gastrulation reflects both the small size of the embryo 

and its very rapid development.

The Sherrard study dived deep into the molecular and biophysical mechanisms of early 

ascidian gastrulation as the embryo changes from ball-shaped to cup-shaped. Later aspects 

of gastrulation have not been studied in any detail. It is unknown whether notochord, muscle 

and mesenchyme are participating more actively later in gastrulation, and the mechanisms 

driving blastopore closure have not been investigated.

Gastrulation in other tunicates

As detailed in the Introduction, tunicates are a diverse group of animals with dramatically 

different larval and adult morphologies. Given this diversity, it is reasonable to assume that 

the cellular and molecular mechanisms of gastrulation may also vary. Embryos of the 

ascidian Halocynthia roretzi, for example, are much larger than Ciona embryos, and have 

minor differences in early cleavage patterns. Halocynthia gastrulation begins at the 110-cell 

stage (H Nishida, 1986) instead of the 112-cell stage as seen in Ciona. By contrast, the 

larvacean Oikopleura dioica, begins gastrulation at the 32-cell stage less than two hours after 

fertilization. Oikopleura has exceptionally rapid development, with the tadpole larvae 

hatching in as little as three hours following fertilization (Fujii et al., 2008; Nishida, 2008). 

Gastrulation in O. dioica progresses in two phases. In the first phase, the vegetal-most eight 

cells invaginate, with the lateral four cells proceeding the central four endoderm cells. In the 

second phase, cells lateral and posterior cells invaginate. Interestingly, no change to the 

overall spherical shape of the embryos is evident during gastrulation. Moreover, because of 

the small number of invaginating cells in the gastrula, there is no obvious blastopore or 

archenteron. Cellular mechanisms driving invagination in O. dioica are not known, but it has 

been speculated that myosin II-driven apical constriction is important (Fujii et al., 2008).

Colonial tunicates

A subset of ascidian species are colonial and grow by repeated rounds of asexual 

reproduction (budding) that eventually give rise to a colony of genetically identical 

individuals, called zooids, arranged within a common tunic. Each zooid can be sexually 

mature, but colonial reproduction has several notable differences when compared to solitary 

species, and these have hampered embryological studies. First, all colonial ascidians are 

brooders, and fertilization and development occur inside the adult zooids, often with 

maternal contributions, such as a brood pouch, which can be difficult to replicate in vitro. 
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Development is also significantly slower, on the order of days to a week or more. Finally, the 

eggs and developing embryos are opaque, hindering high-resolution studies of cell 

movement. Thus little is known about gastrulation in these species, and there are no recently 

published studies.

More germane to this review is the potential role of a gastrulation-like process during 

asexual development. During the budding process, colonial ascidians are regenerating all 

tissues and organs from a population of pluripotent stem cells. An important question is 

whether asexual development is controlled by novel genes and gene regulatory networks, or 

if embryonic pathways and networks are redeployed (Tiozzo et al., 2008). Interestingly, 

there are many colonial species scattered throughout the class Ascidiacea, including 

different monophyletic orders, suggesting that coloniality has arisen independently multiple 

times. Comparison of these species reveal a diversity of budding modes, including the 

source of the new body, and the timing of various developmental landmarks (Tiozzo et al., 

2008). However, in all species studied to date, asexually developing zooids go through an 

initial blastula-like stage. This is followed by invaginations and evaginations of the 

epithelium to form various tissues and organs. While in a sense this resembles gastrulation, 

these movements do not result in segregation of cells into presumptive germ layers, as they 

do in embryogenesis. The only species in which asexual budding has been studied at a 

molecular level is Botryllus schlosseri (Manni et al., 2019). In an elegant study by Ricci, et 

al. (Ricci et al., 2016), it was found that there is regionalization of germ-layer specific 

transcription factors in the blastula-like stage and during these epithelial folding events, but 

they do not correspond to the regions that are folding (i.e., it does not appear that the 

movement is correlated to germ layer specification). In this study it was found that germ-

layer restricted transcription factors, such as Otx (ectoderm), Fox-A1 (endoderm) and Gsc 

(mesoderm) are expressed in distinct regions of the blastula-like structure and could be 

followed through organogenesis. Importantly, the expression of each of these germ layer 

markers corresponded to the source of mature organs during embryogenesis. For example, 

the endoderm marker Fox-A1 was initially expressed in a region of the blastula-like vesicle 

that eventually became the gut, and results were equivalent for ectodermal and mesodermal 

markers.

Given that coloniality has arisen multiple times, it would hardly be feasible that completely 

novel mechanisms for regeneration of every tissue and organ also evolved multiple times, 

and a more parsimonious explanation is that this is due to the ability to coopt embryonic 

pathways at different times during regeneration. Interestingly though, this does not appear to 

include a clear recapitulation of embryonic gastrulation.

The thaliaceans: salps, doliods and pyrosomes

The thaliaceans include three orders of pelagic tunicates: the Pyrosomida, Salpida, and 

Doliolida. The thaliaceans are more closely related to the ascidians than to the 

appendicularians (see Introduction), and a conserved anatomy is evident between these two 

groups, particularly the large pharyngeal basket used for filter feeding in both adult ascidians 

and thaliaceans. Although the anatomy and reproductive cycles of thaliaceans have been 

described in reports dating back to the nineteenth century (see review (Piette and Lemaire, 
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2015)), much remains unknown about this group of animals. Thaliaceans are more difficult 

to collect and culture than ascidians, and they do not readily lend themselves to modern 

experimental methods. Despite their similarities to ascidians, the thaliaceans have diverged 

extensively and have evolved complex reproductive strategies involving alternating sexual 

and asexual generations (Holland, 2016; Piette and Lemaire, 2015). Like some ascidian 

species, salps and pyrosomes can form large colonies comprised of individual zooids 

produced by asexual budding. While asexual budding and coloniality appear to have evolved 

independently several times in the ascidians (Brown and Swalla, 2012), the evolutionary 

history of thaliacean budding is less clear and it is uncertain whether it arose before or after 

the split with ascidians (see discussion in (Piette and Lemaire, 2015).

Embryonic development of salps appears to be particularly unusual. The salp lifecycle starts 

with the sexually produced embryo that goes on to form a single ‘oozooid.’ The adult oozoid 

then buds asexually to produce connected chains of ‘blastozooids’ known as ‘aggregates.’ 

Each blastozooid has germ cells that produce first eggs and later sperm. Depending on the 

species, only a single egg may be produced per blastozooid. Fertilized eggs attach to the 

adult body wall and develop viviparously. The salp zygote is called the ‘blastophore’ and its 

development remains poorly described, particularly with modern molecular tools. A 1960s-

era description of blastophore development in Salpa fusiformis shows a developing embryo 

largely unrecognizable to those familiar with ascidian or larvacean embryos (Sutton, 1960); 

Figure 4). It lacks an obvious notochord or neural tube, and does not produce a tadpole 

larva. Remarkably, it does not obviously gastrulate. Sutton identified a mass of blastophore 

cells that he terms ‘neurochordal,’ but these fail to form an identifiable notochord or neural 

plate and molecular markers of cell identity have not been examined in these cells. The only 

morphogenic event that might be conflated with gastrulation is the formation of the neuro-

chordal invagination (N-C.I. in Figure 4). Sutton described the neuro-chordal invagination as 

the result of infolding caused by the differential growth of adjacent epithelia, but it is unclear 

whether it bears any relationship to gastrulation or neurulation. Finally, although description 

of embryonic development of doliolids and pyrosomes is still incomplete, neither are 

viviparous, and both reproduce sexually as well as asexually by budding (Holland, 2016; 

Lemaire, 2011; Lemaire and Piette, 2015). Although neither is thought to show the extreme 

derivation of development observed in salps, various species within both groups show high, 

but variable, degrees of degeneration of the tadpole larva morphology. For example, 

Doliolum larvae are reported to make a rudimentary notochord flanked by tail muscle, but 

no obvious nervous system (Holland, 2016). How these altered larval morphologies may be 

reflected in earlier gastrula morphologies is currently unknown.

Peri-gastrulation events

Notochord development

As in vertebrate embryos, early ascidian notochord morphogenesis overlaps with 

gastrulation. The notochord is divided into two separate developmental lineages. The 

primary notochord is derived from anterior vegetal (A-line) blastomeres while the secondary 

notochord is derived from posterior vegetal (B-line) blastomeres {Nishida, 1987 #18}. 

Primary notochord fate is induced at the 64-cell stage and secondary notochord at the 112-
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cell stage via distinct but overlapping mechanisms (Hudson and Yasuo, 2006; Picco et al., 

2007; Yasuo and Hudson, 2007). At the onset of gastrulation, the four primary notochord 

cells have divided once to form an arc of eight cells that are not yet contiguous with the two 

secondary notochord precursors (Figure 2, yellow asterisks). The two final notochord cell 

divisions take place during gastrulation. The primary notochord cells are effectively on the 

anterior lip of the blastopore during the second-last division, and invert during gastrulation 

so that their previously vegetal surfaces become animal. The final primary notochord 

division takes place while the blastopore is closing, and is immediately followed by the 

onset of mediolateral intercalation behaviors that cause the notochord to converge and 

extend into a single-file column (Munro and Odell, 2002a, 2002b). This is in striking 

contrast to organisms such as Drosophila where the cell cycle pauses in cells that are 

actively gastrulating (Wieschaus, 2000).

Perhaps the most surprising conclusion from (Sherrard et al., 2010) is the apparent absence 

of a contribution from the axial mesoderm (notochord and tail muscle precursors) to the 

forces that drive invagination during ascidian gastrulation – at least up through the formation 

of the cup-shaped gastrula. Although it is possible that the developing axial mesoderm could 

play a role in later steps, such as blastopore closure, observations of mutant Ciona, as well as 

tailless variants of the Molgulid species of ascidians, suggest otherwise. As detailed above, 

ascidians notochord morphogenesis initiates at gastrulation, although extensive convergent 

extension and elongation of the ascidian notochord is observed most prominently in the 

neurula embryo (i.e., following the completion of gastrulation) (Smith, 2018). Consistent 

with the absence of a role for axial mesoderm in invagination, Ciona embryos homozygous 

for the mutation chobi have a severe defect in notochord specification due to a mutation in 

the gene brachyury (Chiba et al., 2009), but nevertheless successfully complete gastrulation 

and properly close the blastopore. In fact, presumptive notochord cells in chobi are 

transfated to endoderm, further evidencing the robustness of the endoderm invagination 

mechanisms to perturbations (Sherrard et al., 2010), in this case to increased cell number. 

Likewise, a number of species of ascidians have been described that differ from the 

conventional body plan in having no tail, and reduced numbers of notochord and tail muscle 

cells- the best described of these being Molgula occulta (Swalla et al., 1993; Swalla and 

Jeffery, 1990). Nevertheless, these tailless species gastrulate and close their blastopores. In 

M. occulta, as well as the congeneric tailless species Molgula tectiformi, the notochord 

lineage is present in the blastula embryo, as apparent by the expression of brachyury, but 

these cells fail to follow the full mitotic sequence observed in the tailed Molgula occulta, nor 

do they undergo convergent extension (Takada et al., 2002). Finally, Ciona mutant aimless 
carries a null mutation in the gene encoding the essential planar cell polarity (PCP) 

component Prickle (Jiang et al., 2005). In the Ciona embryo prickle expression is limited to 

the notochord, and homozygous aimless embryos have defects in the intercalation of 

notochord cells, although markers of notochord differentiation are expressed normally. 

Despite these defects in notochord morphogenesis, aimless embryos gastrulate with no 

obvious defects, although they have greatly shortened anterior/posterior axes. Thus the PCP 

pathway is not required for the basic steps of involution and blastopore closure in Ciona. 

Whether this differs significantly from the role of the PCP pathway in vertebrate gastrulation 

is unclear. Xenopus embryos in which Prickle was knocked down with morpholinos have 
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been described as having severe defects in mesoderm involution (Takeuchi et al., 2003). 

However, PCP loss of function results in zebrafish appear to be more similar to Ciona, with 

a loss of mediolateral intercalation in axial mesoderm and a resulting shortened axes, but 

complete involution (Jessen et al., 2002; Veeman et al., 2003).

After the notochord has intercalated into a single file column of 40 cells, it undergoes 

considerable further morphogenesis, including cell shape changes and concomitant protein 

localization (and relocalization) to generate constricted apical domains at the interfaces 

between the stacked cells (see reviews (Denker and Jiang, 2012; Smith, 2018). Each 

notochord cell develops separate anterior and posterior apical domains (Denker et al., 2013). 

Extracellular lumens then form between the cells, centered at the apical domains. As these 

lumens expand they fuse to form a continuous inflated, hollow lumen running the length of 

the notochord and surrounded by the now epithelium-like notochord cells. Moreover, unlike 

many vertebrates, there is no fate distinction between separate notochord sheath and core 

cell types. At the same time that the apical domains are forming there is a repolarization of 

the PCP machinery. Early in notochord development PCP activity drives mediolateral 

intercalation (Jiang et al., 2005). However, at the completion of intercalation the polarity of 

PCP activity is repositioned to the anterior/posterior axis (Newman-Smith et al., 2015). The 

most obvious manifestation of the PCP-dependent anterior/posterior polarity of the 

notochord is the posterior localization of the nucleus, and the anterior localization of the 

PCP components Prickle and Strabismus, as well as myosin II (reviewed in (Smith, 2018)).

Neural Induction and Neurulation

In vertebrates, induction of the central nervous system initiates late in the blastula stage and 

continues through gastrulation. The vertebrate neural-inducing molecules are products of the 

dorsal lip of the blastopore, a tissue which is variously termed the Organizer in amphibians, 

the shield in teleosts, Hensen’s node in chicks and the primitive streak in mammals. These 

inducers act on neighboring ectoderm to initiate the formation of the neural plate. A number 

of secreted factors have neural inducing activity, including FGF, and BMP inhibitors such as 

Noggin and Chordin [see review (Stern, 2005)]. The evolutionary similarities with the 

vertebrates are most evident in the morphology and morphogenesis of the ascidian larval 

nervous system (see review (Hudson, 2016)). While there are some parallels between 

ascidian and vertebrate neural induction, significant departures are also evident.

The Ciona neural plate has a remarkably simple structure with a grid-like arrangement of six 

rows and eight columns of cells that have distinct row and column identities (Hudson et al., 

2007). The cells forming the plate come from 3 of the 4 quadrants of the 8-cell embryo and 

are induced in quite different ways. These include the a-lineage which gives rise to the 

anterior neural plate and goes on to make the anterior brain, palps and presumptive mouth 

(Veeman et al., 2010), the A-lineage which gives rise to posterior brain and the posterior 

nerve cord, and the b-lineage which gives rise to the dorsal-most row of cells in the posterior 

brain and posterior nerve chord (neural lineages reviewed in (Hudson, 2016)). Neural 

induction in Ciona starts at the 32-cell stage with the specification of the a-lineage (Bertrand 

et al., 2003) via vegetally expressed FGF9/16/20 (i.e., the ortholog of vertebrate FGFs 9, 16 

and 20). During a-lineage neural specification, not only does contact between the inducer 
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cells and the induced ectodermal cells appear to be important, but the area of contact appears 

to be essential in distinguishing between induced cells and neighboring non-induced cells 

(Tassy et al., 2006). Neural induction in the b-lineage is not well characterized, and the 

induction of A-lineage neural cells is very different than the a-lineage. The A-lineage of the 

neural plate becomes fate restricted at the 64-cell stage as the result of asymmetric cell 

divisions in which suppression of FGF signaling is required to suppress notochord fate 

(Yasuo and Hudson, 2007). While the Ciona embryo does express some secreted BMP 

inhibitors, none have been found to share the critical role in early neural induction seen in 

vertebrate embryos.

Ciona neurulation is stereotypically chordate, with a neural plate that forms a distinctive 

midline groove and rolls up to form a hollow, dorsal neural tube (Conklin, 1905a; Nicol and 

Meinertzhagen, 1988b; Satoh, 1978). The onset of neurulation is continuous with the end of 

gastrulation, with the neural folds first appearing at the posterior of the embryo on either 

side of the closing blastopore (Nicol and Meinertzhagen, 1988b). It is unclear whether this is 

simply a consequence of rapid early development or whether blastopore closure might be 

mechanistically important for early neurulation. Neural tube closure progresses from 

posterior to anterior (Hiroki Nishida, 1986). A transient chordoneural hinge can be seen in 

phalloidin-stained confocal stacks connecting the forming neural tube lumen to the remnant 

of the archenteron via the nearly-closed blastopore.

Neurulation first involves the furrowing and formation of a hinge point in the midline of the 

neural plate around which neural cells will bend as the midline cells constrict apically (Nicol 

and Meinertzhagen, 1988b). Convergence and extension movements narrow the mediolateral 

axis and lengthen the anterior-posterior axis of the neural plate as it rolls up (Nicol and 

Meinertzhagen, 1988b). Previously lateral and now dorsal cells meet at the midline and 

‘zipper’ together to form a closed neural tube. The posterior to anterior zippering involves 

contraction of the apical domain of bilateral pairs of neural cells. These contractions are 

sequential and are punctuated by apical junction exchange and release from one pair of 

midline cells to another in a posterior to anterior direction (Hashimoto et al., 2015).

Conclusion

The presence of a number of traits in the tunicates, such as simple and stereotyped lineages, 

the extreme transparency of some ascidian species such as Phallusia, making them ideal for 

live imaging (Robin et al., 2011), their evolutionary affinity to vertebrates, and the 

development of a suite of genomic and imaging methods (Stolfi and Christiaen, 2012; 

Veeman and Reeves, 2015), has allowed them to make ongoing contributions to our 

understanding of gastrulation. Many questions remain, some specific to tunicate 

gastrulation, and others to chordate gastrulation in general. The apparent differences in the 

relative importance of endoderm involution in ascidian gastrulation in comparison to 

vertebrate models in which mesoderm and ectoderm are thought to play more prominent 

roles, raises the question of whether this is a derived feature of the ascidians. Has a complex 

gastrulation involving coordinated morphogenetic processes in different germ layers been 

lost in the ascidians, perhaps as a consequence of embryo simplification, or was a simple 

gastrulation driven predominantly by endoderm invagination a feature of the last common 
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ancestor of the chordates? We have emphasized in this review the diversity of tunicate 

morphologies and apparent developmental strategies, although our detailed knowledge is 

limited to just a few species. Renewed investigation of lesser-studied tunicate clades, such as 

the salps, with modern methods may reveal new insights into the diversity of chordate 

developmental strategies, including those for gastrulation.
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Figure 1. 
Phylogenetic relationships between the chordates, with emphasis on the tunicate clade 

(based on Kocot et al. 2018 and Delsuc et al. 2018). Tunicates and vertebrates share a more 

recent common ancestor than either do with cephalochordates. Because larvaceans 

(Appendicularia) are basal in the Tunicata, the ancestral tunicate may have been pelagic. The 

Ascidiacea are revealed to be paraphyletic due to the placement of the Thaliacea as sister to 

Phlebobranchia/Aplousiobranchia. Branch lengths are not to scale.
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Figure 2. Ciona gastrulation.
Confocal images of gastrulating Ciona robusta embryos at the stages indicated. The panels 

on the left are derived from confocal stacks of a phalloidin-stained embryo early in 

gastrulation, with orthogonal xy, xz and yz sections shown. The surface-rendered view of the 

stack is from the vegetal side. The green asterisk marks the open blastopore/archenteron. 

Yellow asterisks mark notochord precursor cells. The panels on the right show an older 

embryo near the end of gastrulation/beginning of neurulation. The red dot indicates the 

neural groove just starting to form on the posterior dorsal side. Scale bars=50μm.
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Figure 3. 
Two-step model for endoderm invagination in ascidian development. Figure from (Sherrard 

et al., 2010).
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Figure 4. 
Blastophore of Salpa fusiformis. Image from (Sutton, 1960). The precise developmental age 

of the blastophore is not known. Abbreviations: I.F., Incubation fold; A., atrium; I.C., 

incubation cavity; C., calymnocyte; B., blastomere; C.C., central cavity; N-C.I., neuro-

chordal invagination; N-C.C. Neuro-chordal cells.
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