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Evolutionary crossroads in developmental biology: the
tunicates
Summary
The tunicates, or urochordates, constitute a large group of
marine animals whose recent common ancestry with
vertebrates is reflected in the tadpole-like larvae of most
tunicates. Their diversity and key phylogenetic position are
enhanced, from a research viewpoint, by anatomically simple
and transparent embryos, compact rapidly evolving genomes,
and the availability of powerful experimental and
computational tools with which to study these organisms.
Tunicates are thus a powerful system for exploring chordate
evolution and how extreme variation in genome sequence and
gene regulatory network architecture is compatible with the
preservation of an ancestral chordate body plan.
Key words: Chordates, Tunicates, Asexual development, Budding,
Embryogenesis, Evolution

Introduction
Cephalochordates (including Amphioxus; see Glossary, Box 1),
tunicates (or urochordates, see Glossary, Box 1) and vertebrates
constitute the chordate phylum, which is characterized by a tadpolelike body plan at the end of embryogenesis. The rigidity of the tail
of these tadpoles is ensured by a unique structure, the notochord,
which gave its name to the phylum. Fossil evidence, although
sometimes controversial, suggests that ancestral chordates roamed
Cambrian oceans more than 550 million years ago (Morris, 1999;
Shu et al., 1996).
It is now thought that cephalochordates are the most basal
chordates. Tunicates and vertebrates are sister taxa (see Glossary,
Box 1), which diverged more recently (Delsuc et al., 2006; Bourlat
et al., 2006; Putnam et al., 2008). This molecular classification is
supported at the anatomical level by the presence in tunicate larvae,
but not in those of cephalochordates or of any other invertebrate, of
cells similar to vertebrate migratory neural crest cells (Jeffery,
2007).
The tunicates constitute a diverse group of animals that are
united by the cellulose-containing tunic that covers their body
(Nakashima et al., 2004). They are traditionally split into three
major classes: the ascidians, thaliaceans and appendicularians,
whose phylogenetic relationships are depicted in Fig. 1
(Tsagkogeorga et al., 2009; Govindarajan et al., 2010). Ascidians,
also called sea squirts, are the most diverse tunicate group and
include several developmental models such as Ciona intestinalis,
Halocynthia roretzi and Botryllus schlosseri. These vase-like
benthic filter feeders (see Glossary, Box 1) (‘ascidian’ derives from
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Box 1. Glossary
Benthic. Organisms that live on the bottom of seas or lakes.
Cephalochordates. Invertebrate chordates of this class live partly
buried in sand in shallow temperate or tropical waters. The class
includes only two genera, one of which (Amphioxus) is a model
organism for evo-devo studies. The adult form has a fish-like
appearance but no skeleton.
Cis-regulatory modules. These are short stretches (<1 kb) of
usually non-coding, genomic DNA that include clustered
transcription factor binding sites and control gene expression. They
can be divided into functional classes, including enhancers,
insulators and silencers.
Colonial organism. An organism in which several individuals live
closely associated with each other. In some tunicate colonies,
different individuals are connected by root-like structures called
stolons. In others, they share body parts, such as their atrial
(exhaling) siphon.
Filter feeder. Organisms that feed on particulate food suspended
in water. In tunicates, water enters the body via the oral siphon, is
filtered on the branchial basket and expelled through an atrial
siphon (in appendicularians, water is expelled through gill slits).
Hybridization. The production of offspring by interbreeding
between two individuals of different species.
Kernel. A small region of a gene regulatory network that is
evolutionarily highly conserved, the retention of which might
underlie the conservation of body plans and the development of
major body parts.
Marine snow. Small, falling organic marine detritus that plays an
important role in the transport, and sequestration, of carbon to the
ocean floor and constitutes an important energy source for the
zooplankton in the deep, lightless zone of the ocean.
Nucleosome exclusion. The basic structural subunit of chromatin,
consisting of ~200 bp of DNA and an octamer of histones.
Genomic regions from which nucleosomes are excluded are more
easily bound by transcription factors and are more likely to act as
cis-regulatory modules.
Operon. A group of genes that functions as a single transcription
unit and produces one or several polycistronic mRNAs, each
encoding the protein products of several genes.
Pelagic. Pelagic organisms live in seas or lakes, far away from the
shore or the bottom.
Sister taxa. Two taxa are ‘sisters’ if they have a last common
ancestor that did not give rise to any other taxa.
Synteny. Colinearity in the order of genes (or of other DNA
sequences) in a chromosomal region of two species, such as in the
Hox clusters among vertebrates.
Trans-splicing. A specialized form of splicing in which exons from
different primary transcripts are spliced together. In the case of
tunicates, the 5⬘ end of the primary transcript of many coding
genes is spliced out until the first splice acceptor site, and is
replaced by a unique short 5⬘ capped RNA termed the splice leader.
Urochordates. An alternative name for tunicates. The etymology
(uro: tail and chordates) is somewhat misleading as many tunicates
have lost their tailed tadpole-like larvae. The term tunicates should
therefore be preferentially used.

DEVELOPMENT

Patrick Lemaire1,2,*

2144 PRIMER

Development 138 (11)

the Greek askidion: small vase) spend their adult life attached to a
solid substrate (Fig. 1B,C). By contrast, thaliaceans (thalia means
blooming in Greek, referring to their rapid proliferation under
favorable environmental conditions) include three major groups,
the salps, doliolids and pyrosomes (Fig. 1D-I), which are
phylogenetically nested within ascidians (Fig. 1A). They swim by
jet propulsion in open oceans. Finally, appendicularians include the
model organism Oikopleura dioica. Appendicularians are also
called larvaceans because they retain a larval tadpole body plan
throughout their short, planktonic life. They have diverted the
locomotory function of their tadpole tail to the capture of food
(Bone, 1998) (Fig. 1J).

The annotated genome sequences of two ascidians (Ciona
savignyi and C. intestinalis) and one appendicularian (O. dioica)
have been published (Dehal et al., 2002; Small et al., 2007;
Denoeud et al., 2010) (Table 1). Genomic sequences in C.
intestinalis have been mapped onto its 14 chromosomes, a
prerequisite to studying the global organization of the genome
(Shoguchi et al., 2006). Consistent with the large population sizes
of the sequenced species, sequenced tunicate genomes are highly
polymorphic. These genomes are surprisingly small (Ciona ~160
Mb; Oikopleura ~70 Mb, the smallest animal genome so far),
owing to several factors: their unduplicated gene complement;
substantial gene loss (Holland and Gibson-Brown, 2003; Denoeud
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Fig. 1. Phylogeny and adult
morphology of major
tunicate groups.
(A)Cladogram of phylogenetic
relationships between tunicate
orders/suborders and animal
groups of interest (E. Douzery
and F. Delsuc, Université
Montpellier, France, personal
communication). Ascidians, red;
thaliaceans, green; larvaceans,
blue; chordates, gray area. Italics
highlight genera discussed in the
text. Phylogenetic relationships
within tunicates are inferred
from 18S RNA analysis
(Tsagkogeorga et al., 2009;
Govindarajan et al., 2010),
relationships between tunicates
and other groups from genomic
analyses (Delsuc et al., 2006).
Dashed lines indicate uncertain
relationships. (B-J)Typical adult
morphologies in three major
tunicate classes. Blue and red
arrowheads indicate oral and
atrial siphons, respectively.
(B)Adult Ciona intestinalis (order,
Enterogona; suborder,
Phlebobranchia; genus, Ciona;
image courtesy of T. Meedel,
Rhode Island College, RI, USA).
(C)Pseudodistoma kanoko
colony (order, Enterogona;
suborder, Aplousobranchia;
genus, Pseudodistoma; image
courtesy of E. Hirose, Okinawa
Institute of Science and
Technology, Japan). (D)Solitary
Salpa fusiformis asexual zooid
with a nascent chain of sexual
zooids (white arrowhead) [order, Salpida; family, Salpidae, genus, Salpa; image courtesy of C. and N. Sardet, Station Biologique de Villefranche/mer
(SBVM), France]. (E)Chain of Pegea confederata sexual zooids (order, Salpida; family, Salpidae; genus, Pegea; image courtesy D. Luquet, SBVM,
France, copyright davidluquet.com). (F)Two Pyrosomella verticilliata zooids from a young colony (order, Pyrosomida; suborder, Pyrosomatidae;
genus, Pyrosomella; image courtesy of R. Hopcroft, Alaska Fairbanks University, AK, USA). (G)A Pyrosoma atlanticum colony (order, Pyrosomida;
family, Pyrosomatidae; genus, Pyrosoma; image courtesy G. Cavignaux, DORIS, France). (H)Doliolum denticulatum zooid (order, Doliolida; family,
Doliolidae; genus, Doliolidum; image courtesy of R. Hopcroft). (I)A Dolioletta gegenbauri zooid pulling a chain of smaller asexually generated
individuals (order, Doliolida; family, Doliolidae; genus, Dolioletta; image courtesy of L. Madin, Woods Hole Oceanic Institute, MA, USA). (J)Adult
Oikopleura dioica (order Copelata; family, Oikopleuridae; genus, Oikopleura; image courtesy of E. Thompson, J.-M. Bouquet and J. Slama, SARS
institute, Norway) in its food-concentrating house. The beating tail directs food (white milk powder) into the funnel leading to the oral siphon.
Larvaceans have ventral gill slits (orange arrowhead) instead of an atrial siphon. Scale bars: 10 mm in B,D; 15 mm in C; 1 mm in F,H; 40 mm in E,G;
5 mm in I; 0.5 mm in J.
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Table 1. Features of the main tunicate model species in developmental biology
Season of sexual
reproduction in
the wild

Life cycle
(egg to egg)

No

Most of the
year‡

2-3
months

190

No

<160

No

2-3
months
<1 year

~160

No

~700

Yes

?

No

Most of the
year‡
March to
December
November to
January
March to
December§
July/August

?

No

July/August

1 year

70

No

All year

4 days

Genome
(Mb)

Asexual
reproduction

Ciona
intestinalis

160

Ciona
savignyi
Phallusia
mammillata
Halocynthia
roretzi
Botryllus
schlosseri
Molgula
oculata
Molgula
occulta
Oikopleura
dioica

Species

3 years
<3 months
1 year

Distribution

All
temperate
seas
Temperate
Pacific
Europe
North East
Asia
Worldwide
North West
Europe
Europe
Warm and
temperate
seas

Egg
diameter
(µm)

Embryo
electroporation

RNA
interference

Up to
10,000

140

Yes

Yes*

Up to
10,000
Up to 1
million
Up to
30,000
<5 per
zooid
Up to
5000
Up to
5000
~150

160

Yes

?

120

Yes

?

280

Yes

?

220-250

?

Yes†

90

No

No

110

No

No

65-75

?

?

Eggs per
adult

*Single report.
†
Only tested in adults.
‡
Ciona reproductive season is largely determined by water temperature and so varies between regions.
§
In Monterey Bay, CA, USA. Reproductive season varies with location.
?, Unknown or untested.

which to study regeneration and also how two parallel
developmental programs that lead to the same adult forms can be
encoded in a single genome.
In this article, I focus on studies carried out in a few model
organisms, mostly ascidians, that have led to key insights into
chordate developmental mechanisms and their evolution, with
particular emphasis on the transcriptional control of development
and its interface with morphogenesis and cell biology. I also
highlight the diversity of tunicate developmental strategies, a
richness that deserves to be explored.
Tunicate habitats and life cycles
Tunicates can be found in all marine environments. Ascidians live
attached to the bottom of the seas, in both shallow waters and the
deep ocean (Kurabayashi et al., 2003). In addition to their natural
habitat, global shipping and global warming have led to the spread
of many ascidians to non-native environments. Some invasive
species, in particular the aplousobranch Didemnum vexillum, can
strongly affect local ecosystems and the aquaculture industry
(Lambert and Lambert, 2001). Thaliaceans and appendicularians are
pelagic (see Glossary, Box 1) organisms that are common in most
oceans. Appendicularians form a major component of the
zooplankton (Bone, 1998). Their abandoned houses (Fig. 1G)
contribute to marine snow (see Glossary, Box 1) and are an important
food source for other pelagic organisms (Gorsky et al., 2005).
Reproductive strategies are diverse within the subphylum and
include both sexual and asexual cycles. Appendicularians and
solitary ascidians, such as C. intestinalis and H. roretzi, only have
a sexual life cycle. With the exception of O. dioica, all tunicates
are hermaphrodites. The duration of their sexual life cycle ranges
from four days (Oikopleura) to several years (see Table 1). To
avoid inbreeding, ascidians have developed a mechanism of self
sterility, as initially studied in Ciona by T. H. Morgan (Morgan,
1944), similar to that developed by flowering plants and involving
the interaction between highly polymorphic polycystin-1 and
fibrinogen-like proteins (Harada et al., 2008). Their sexual life
cycle classically produces a free-swimming tadpole larva, which
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et al., 2010); and the compaction of intronic and intergenic
sequences, possibly via a tight control of transposable elements
(Denoeud et al., 2010). Ascidian and appendicularian genomes
have a high prevalence of polycistronic transcripts (operons, see
Glossary, Box 1) that are resolved by trans-splicing (see Glossary,
Box 1) (Satou et al., 2008; Denoeud et al., 2010; Ganot et al.,
2004). Frequent or infrequent trans-splicing is also found in most
monocistronic genes (Matsumoto et al., 2010).
Tunicate genomes evolve rapidly. Some tunicate proteins have
among the fastest evolution rates of metazoans (Denoeud et al.,
2010; Putnam et al., 2008), and non-coding cis-regulatory elements
of phylogenetically distant ascidians, such as Ciona and
Halocynthia, can diverge up to a point at which their sequences
cannot be aligned (Oda-Ishii et al., 2005). The organization of the
tunicate genomes is highly dynamic, and considerable
rearrangements can be observed even within the Ciona genus (Hill
et al., 2008). Although faint traces of global synteny (see Glossary,
Box 1) can be detected between vertebrates and Ciona, local gene
order has been extensively shuffled between tunicates and
vertebrates (Denoeud et al., 2010). This led, for instance, to
‘exploded’ tunicate Hox clusters (reviewed by Duboule, 2007).
Most tunicate developmental studies have so far focused on the
embryonic development of ascidians up to the chordate tadpole
larva, as this is the developmental period during which the common
ancestry with vertebrates is most obvious (reviewed by Lemaire et
al., 2008; Lemaire, 2009; Nishida, 2008). Ascidian embryogenesis
is characterized by a stereotyped development that is based on
invariant early cell lineages (see Fig. 2) and a remarkably small cell
number (Kumano and Nishida, 2007). These unique, and highly
derived, features make it possible to study a chordate
developmental program with cellular or even subcellular resolution.
As detailed below, comparisons of the embryonic strategies found
in the subphylum have revealed a great diversity, which is starting
to be exploited to study the complex relationships between
environment, genomes and phenotypes. Some tunicates also
reproduce asexually by budding and are therefore useful models in

Fig. 2. Sexual and asexual life cycles in ascidians. Three-dimensional
projections of confocal stacks through developing Ciona intestinalis
embryos. (A)A 16-cell embryo, with the vegetal cells labeled. (B)A 64cell embryo. (C)A mid-gastrula embryo. (D,D⬘) Mid-tailbud embryos.
(E)A larva. (A,B)The B5.1 blastomere and its stereotyped progeny at the
64-cell stage are indicated in light green. (D⬘,E) Longitudinal sections.
Note the bilateral symmetry of early embryos, and the prominent
notochord (red) at the tailbud stages, which becomes vacuolated at
larval stages. Images courtesy of the Four-Dimensional Ascidian Body
Atlas (FABA) database (Hotta et al., 2007).

lives no more than a few days before undergoing an extensive
metamorphosis during which many larval tissues, including the
larval tail and most neurons, undergo apoptosis (Chambon et al.,
2002). Formation of the adult organs is still imperfectly understood
and may vary with the organ. Although a patterned heart field is
formed during embryogenesis and survives metamorphosis
(Davidson, 2007), the adult nervous system was recently proposed
to originate from ependymal larval cells with neural stem-like
properties (Horie et al., 2011).
In addition to their sexual life cycle, thaliaceans and colonial
(see Glossary, Box 1) ascidians, such as B. schlosseri, reproduce
asexually by budding without going through a tadpole-like
developmental stage. Salps, for instance, alternate their sexual and
asexual reproductive stages: solitary asexual individuals bud off a
chain of sexual individuals (Fig. 1D, arrowhead; Fig. 1E), which
in turn produce solitary asexual individuals (Bone et al., 1985). In
colonial ascidians, the larva obtained by sexual reproduction
metamorphoses into a primary adult individual, or zooid, that
reproduces asexually to produce a clonal colony, such as that
shown in Fig. 1C. This asexual life cycle, called blastogenesis, has
evolved independently several times, as indicated by the scattering
of colonial organisms in the tunicate phylogeny and by the variety
of their budding strategies (e.g. Berrill, 1948). Blastogenesis has
been extensively studied in the ascidian B. schlosseri. In a highly
coordinated fashion, adult individuals from a colony undergo
apoptosis every week and are replaced by new zooids derived from
a population of somatic stem cells (Voskoboynik et al., 2008). An
independent stem cell population regenerates the germline (Laird
et al., 2005a). A distinct regenerative program, that of whole body
regeneration, is activated when buds and zooids from B. schlosseri
colonies are surgically removed, leaving only the vasculature and
the tunic (Voskoboynik et al., 2007), or when small Botrylloides
leachi blood vessel fragments are cultured (Rinkevich et al., 2007).
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Experimental techniques in tunicates
The palette of experimental techniques available for each tunicate
group varies greatly and reflects the popularity of the models in the
scientific community. Table 1 presents the major features of
popular model systems. Ascidians, in particular solitary ascidians,
lead the way in both cell biology and molecular approaches.
Appendicularian embryos have only recently been subjected to
functional studies. No tools exist yet to study the development of
thaliaceans, although at least one species can be bred in the
laboratory.
The embryonic development of solitary ascidians, in particular
Ciona and Halocynthia, has been studied in most detail, with C.
intestinalis recently gaining in importance owing to its broad
geographical distribution. The seasonality of these animals is an
experimental limitation, which is however compensated by the
very large number of synchronously developing embryos that
can be reared during the reproductive season (Table 1). Mature
adults can be kept in the laboratory in simple aquaria for several
weeks, their gametes obtained by dissection (Ciona, Phallusia)
or light-induced spawning (Halocynthia), and the embryos
produced by in vitro fertilization. The embryos of several
solitary ascidians, in particular Phallusia mammillata, are in the
100 m size range and are optically transparent (see Table 1).
Fluorescently labeled fixed or live embryos can be imaged with
high resolution by confocal microscopy. Thanks to the invariant
cell lineage, in silico segmentation and the reconstruction of
individual cells from stacks of confocal images provides a
quantitative, representative view of embryo geometries that can
serve as a basis for the mechanical modeling of development
(Tassy et al., 2006; Sherrard et al., 2010).
Solitary ascidian embryos can be surgically manipulated
(reviewed by Lemaire, 2009). Thanks to their invariant cell lineage,
individual blastomeres can be unambiguously identified (Fig. 2).
Blastomere function can thus be assessed through their ablation by
sea water microinjection (Hudson and Yasuo, 2005), by laser
(Sherrard et al., 2010) or by photo-ablation (Nishida and Satoh,
1989). Conversely, individual blastomeres can also be isolated
mechanically with a thin glass rod and then left to develop into
partial embryos to assess their fate determination status (e.g.
Nishida, 1990). Isolated blastomeres/explants and whole embryos
can be treated with pharmacological inhibitors or signaling ligands
(e.g. Pasini et al., 2006).
Eggs and early blastomeres of ascidian embryos can be
microinjected with synthetic mRNAs or with morpholino antisense
oligos (Christiaen et al., 2009b). The simplicity and efficiency of
transient or stable transgenesis by in ovo electroporation is a major
advantage of C. intestinalis (Christiaen et al., 2009a).
Electroporation has been used to characterize cis-regulatory region
activity, to express wild-type or mutant proteins in specific tissues,
and to fluorescently mark or trace specific cell populations using
standard or photo-convertible fluorescent proteins (Horie et al.,
2011). The breeding of C. intestinalis and C. savignyi in the
laboratory (Hendrickson et al., 2004; Joly et al., 2007) has also
permitted the development of germ-line transgenesis by
electroporation (Matsuoka et al., 2005), a technique that has been
subsequently improved by the use of the Minos transposon, which
opens the way to insertional mutagenesis and enhancer-trap assays
(Sasakura et al., 2007). Forward genetics by chemical or insertional
mutagenesis has identified interesting Ciona embryonic mutants
(Chiba et al., 2009; Tresser et al., 2010; Deschet and Smith, 2004).

DEVELOPMENT

2146 PRIMER

Finally, powerful computational methods and infrastructures
have been developed for solitary ascidians, in particular C.
intestinalis, which facilitate genomic data analysis and the
integration of molecular and anatomical data into virtual
representations of embryogenesis (Tassy et al., 2010; Endo et al.,
2010).
The colonial ascidians B. schlosseri and B. leachi can be readily
cultured on glass slides in the laboratory (generation time 2-3
months) (Boyd et al., 1986). These animals, which produce few
embryos, are particularly adapted to the study of blastogenesis and
regeneration. Thanks to the small size of Botryllus zooids (~1 mm),
asexual development can be imaged in vivo by confocal
microscopy (Voskoboynik et al., 2008). Because single zooids, or
even pieces of blood vessels, extracted from a colony reconstitute
a full colony, experiments employing a large number of animals of
identical genetic background can be carried out. Gene function in
Botryllus can be inhibited by injection of short interfering RNAs
(siRNAs) into the blood vasculature (Laird et al., 2005b).
O. dioica is the reference species for appendicularians. It can be
bred in the laboratory, has an extremely short life cycle (4 days),
and is not seasonal (Nishida, 2008). Its embryos are small (65-75
m) and transparent and can be microinjected with antisense
morpholino oligonucleotides (Sagane et al., 2010).
The embryos of thaliaceans can only be obtained in small
numbers and have received little attention since the 1960s. No
established experimental protocols exist to collect or study the
development of these embryos, and few molecular data have been
collected. Yet, the doliolid Dolioletta gegenbauri can be cultured
in the laboratory (Gibson and Paffenhöfer, 2000), and at least one
salp, Thalia democratica, has a very short life cycle (Deibel, 1982).
Such species are prime candidate model organisms for the study of
thaliacean development.
Key recent findings
Recent developmental studies in tunicates have mostly focused on
the transcriptional control of embryonic development, its evolution,
and how transcription interfaces with the cellular bases of
morphogenesis.
Transcriptional control of development

Transcription is the first output of the genome and is highly
controlled during development. It is driven by cis-regulatory
modules (CRMs, see Glossary, Box 1), which act as binding
platforms for transcription factors (TFs). Whereas we can relatively
easily identify coding and non-coding (e.g. microRNA) genes in
genomes, the identification of CRMs remains a major challenge
(Rister and Desplan, 2010). Recent work in tunicates has made a
significant contribution to this field.
The two sequenced Ciona genomes are compact (the average
gene size is 7.5 kb). A fraction of the non-coding sequences is
conserved between these two genomes and is enriched in cisregulatory sequences that drive gene expression (Satoh et al.,
2003). Electroporation of candidate regulatory regions into
fertilized eggs has led to the identification of over 500 cisregulatory sequences, mainly for genes that encode TFs and
neuronal proteins (Tassy et al., 2010). These sequences act at short
range, within 3 kb of their target genes. Minimal CRMs extracted
from these sequences are short (generally less than 200 bp), have
binding sites for 2-4 TFs and drive expression in one or in a few
cell lineages. The constraints on TF binding site order, spacing and
orientation appear to be loose in these CRMs (Brown et al., 2007;
Khoueiry et al., 2010; Haeussler et al., 2010). Because of this
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flexibility, ascidian CRMs can undergo extensive TF binding site
turnover, which explains why orthologous Ciona and Halocynthia
CRMs can lack detectable sequence similarity, yet display the same
activity when tested in interspecies transgenesis (Oda-Ishii et al.,
2005). The presence of clusters of consensus DNA sequences
putatively recognized by TFs is, however, insufficient to confer cisregulatory activity, as most such clusters in the Ciona genome lack
CRM activity. This suggests the existence of additional cisregulatory signatures. Indeed a di-nucleotide signature that is
associated with constitutive nucleosome exclusion (see Glossary,
Box 1) has been found to be statistically enriched in Ciona CRMs
(Khoueiry et al., 2010). Conservation of this signature in
Drosophila enhancers suggests that building rules for CRMs
deduced from the analysis of tunicate genomes might have a
broader relevance and application.
Gene regulatory networks (GRNs) describe the regulatory
interactions that are mediated by and between TFs through direct
binding to their CRMs. GRNs provide an integrated view of a
developmental program, and their architecture may strongly
influence the evolution of animal shape (Davidson, 2006). Ciona
is an ideal system with which to decipher chordate developmental
GRNs as it combines a simple anatomy, simple CRMs and a small
repertoire of less than 700 TFs. Systematic knockdown of TFs
zygotically transcribed during early embryogenesis (Imai et al.,
2006), genome-wide chromatin immunoprecipitation studies (Kubo
et al., 2010) and CRM analysis were recently computationally
aggregated into a composite GRN of 200 genes and 500 regulatory
interactions (Tassy et al., 2010), one of the largest GRNs ever
reconstructed in a metazoan. This ‘regulatory blueprint for a
chordate embryo’ (Imai et al., 2006) constitutes a framework by
which to compare the developmental programs of different
chordates and to understand how morphogenesis is
transcriptionally controlled.
Comparing the developmental programs of tunicates

The similarity in embryonic lineages and larval morphologies
between distantly related solitary ascidian species, such as Ciona
and Halocynthia (reviewed by Lemaire, 2009), suggests that there
are strong constraints for all tunicates to produce similar larvae,
presumably partly because of the action of highly conserved GRNs
underlying morphogenesis. Embryonic development and larval
morphologies can, however, differ greatly between tunicates. Even
when the morphologies are conserved the underlying networks may
diverge.
First, whereas Ciona and Halocynthia larvae are very simple,
with ~2500 cells and little differentiation of adult structures, the
larvae of many colonial ascidians are complex, with precocious
differentiation of adult structures in the tadpole head and/or
multiplication of the number of larval cells (Jeffery and Swalla,
1992). Conversely, a small number of solitary ascidian species, in
particular molgulids, have independently lost their larval tails
(Jeffery et al., 1999). This loss is probably recent in the case of
Molgula occulta, which can still hybridize (see Glossary, Box 1)
with a closely related tailed species, Molgula oculata (Swalla and
Jeffery, 1990). Interestingly, the early cell lineage is highly similar
in all ascidians despite these differences [but the Oikopleura
lineage differs (Stach et al., 2008; Nishida, 2008)]. The ancestral
tadpole larval form has also been lost in most thaliaceans, including
two entire orders, the salps and the pyrosomes (see Fig. 1A), and
this loss is associated with very peculiar early developmental
strategies. Salp embryos, for instance, develop within the adult,
attached to it by a placenta, and in a very unusual manner (Sutton,
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1960). This author described that in the embryos of Salpa
fusiformis, early blastomeres become separated at the eight-cell
stage and are individually surrounded by infiltrated follicle cells.
As these latter cells degenerate, embryonic blastomeres resume
contact, aggregate and seem to directly form well-organized
differentiated tissues without clear gastrula or neurula stages. These
tissues include, in anterior territories, a short notochord and a
neural tube, which selectively lacks anterior (sensory) and posterior
(nerve cord) neural territories, in agreement with the loss of the
larval tadpole morphology (Lacalli and Holland, 1998). Thus,
although strong constraints act on tunicates to maintain an ancestral
tadpole body plan, they have frequently been overcome.
It is reasonable to expect that significant changes in embryonic
strategies and larval morphologies correlate with changes in
regulatory networks, as has been described in echinoderms
(Hinman and Davidson, 2007). Consistent with this, Ciona and
Oikopleura form morphologically distinct larvae and express
divergent sets of genes in their notochords (Kugler et al., 2011).
More surprisingly, tunicate regulatory networks can significantly
differ even when embryonic and larval morphologies appear to be
conserved. For instance, a comparison of muscle specification in
Ciona and Halocynthia has revealed that inducers of secondary
muscle lineages appear to differ between these two species, in spite
of a conserved cell lineage (reviewed by Lemaire, 2009). A second
example of the evolution of regulatory networks comes from
analysis of the formation of the very similar larval tails in M.
oculata and C. intestinalis. The Manx zinc-finger TF is expressed
in the tail precursors of M. oculata and is required for tail
development in this species (Swalla and Jeffery, 1996). This gene,
however, has no detectable ortholog in Ciona genomes. These
examples suggest that tunicate regulatory architectures can change
significantly without having a major impact on developmental
morphogenesis. Such regulatory changes might, however, have an
impact on the evolvability of the morphogenetic processes. Tailless
(anuran) ascidian larvae are preferentially found in molgulids, and
expression of Manx is lost in one such anuran species, M. occulta
(Swalla and Jeffery, 1996). This suggests that tail loss is easier to
achieve by modification of the Manx-based Molgula network than
by changes in the Manx-independent Ciona network.
In colonial tunicates, asexual reproduction by budding produces
the same adult form as embryonic development without going
through a tadpole-like developmental stage. Colonial tunicate
genomes thus encode distinct developmental programs that give the
same end product. Preliminary molecular comparisons of sexual
development and blastogenesis suggest that the two pathways only
converge after the establishment of the adult body plan (Tiozzo and
De Tomaso, 2009; Tiozzo et al., 2005). Further comparisons of
sexual and asexual programs will greatly benefit from the ongoing
sequencing of the genomes of two colonial species of different
orders, B. schlosseri (Stolidobranchia; A. Voskoboynik, personal
communication) and D. vexillum (Aplousobranchia; A.
Gittenberger, personal communication).
Conservation of developmental strategies with
vertebrates

The relative phylogenetic positions of tunicates and vertebrates
suggest that the simpler tunicate embryo could shed light on the
more complex vertebrate developmental program. Indeed, tunicates
and vertebrates share some structures and patterning mechanisms,
including: a mid- to hindbrain boundary (MHB, in which FGF8
promotes hindbrain identity) (Imai et al., 2009); head placodes
(Mazet and Shimeld, 2005); ‘cranial’ motoneurons (Dufour et al.,
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2006); and pigment-producing migratory neural crest-like cells
(Jeffery, 2007). A detailed analysis of heart formation in Ciona has
also revealed significant conservation of the heart GRN and has
indicated that this GRN has an ancient origin, providing plausible
scenarios for the evolution of the vertebrate primary heart field
(which gives rise to the left ventricle and the atria) and secondary
heart field (which gives rise to the right ventricle and outflow tract)
(Davidson, 2007; Stolfi et al., 2010).
There are, however, also numerous examples of divergent
strategies between vertebrates and ascidians. For instance, ascidians
form tadpole larvae in the absence of a structure homologous to the
vertebrate ‘organizer’, which is essential for the formation of
vertebrate ‘tadpoles’ (Kourakis and Smith, 2005). Although the
expression of a minority of genes is well conserved between
zebrafish and Ciona, global gene expression profiles are
remarkably different in these two species (Sobral et al., 2009), even
for crucial developmental genes, such as the Hox genes (Ikuta et
al., 2004; Ikuta et al., 2010). An extreme divergence of Hox gene
expression and structure is also found between appendicularians
and vertebrates (Seo et al., 2004). Even the minority of genes with
conserved expression patterns between tunicates and vertebrates
might have changed function. For example, secreted Nodal factors
are expressed during pre-gastrula stages in a large part of the
vegetal hemisphere in ascidians and vertebrates. This signaling
pathway, which is required for endoderm and mesoderm formation
in vertebrates, plays no role in endoderm formation in ascidians
and only a minor role in mesoderm induction (Hudson and Yasuo,
2005; Hudson and Yasuo, 2006). Another example of conserved
expression but divergent function comes from a comparison of the
role of Sonic hedgehog and BMPs in motoneuron specification in
vertebrates and Ciona (Hudson et al., 2011).
Overall, tunicate studies indicate that a surprisingly high level of
divergence in genomes and transcriptional regulatory networks is
compatible with the long-term preservation of the ancestral
chordate body plan. Several theories have been put forward to
explain the stability of morphologies in the context of changing
regulatory networks, ranging from gradual and homogeneous
neutral changes throughout the network (Ciliberti et al., 2007) to
the specific conservation of small subnetworks, or kernels (see
Glossary, Box 1), which are isolated in a sea of reorganized
networks and are sufficient to account for body plan stability
(Davidson and Erwin, 2006). Comparisons of GRN architecture
within tunicates and with vertebrates will help with assessing the
relative contribution of these, or other, mechanisms.
Downstream of GRNs: morphogenesis, cell biology and
transcriptional control

Early tunicate embryogenesis has been extensively studied
(reviewed by Kumano and Nishida, 2007; Lemaire, 2009). Recent
studies have combined imaging, cell biology and computational
simulations to identify a diversity of original mechanisms that
control morphogenesis and cell fate via the regulation of cell
division and cellular mechanics. As exemplified below, the
simplicity and stereotypic development of ascidian embryos have
enabled complex morphogenetic phenomena to be broken down
into a few simple steps, each controlled by a small set of regulatory
molecules.
The stereotypic pattern of ascidian development implies that a
tight temporal and spatial control of the cell cycle and cell divisions
exists. Indeed, the duration of the G2 phase in neural plate cells,
regulated by CDC25 expression, coordinates neurulation in C.
intestinalis (Ogura et al., 2011). Several mechanisms based on the
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asymmetric localization of mRNAs spatially regulate cell divisions
and the precise positioning of the cleavage planes in early
Halocynthia embryogenesis (Negishi et al., 2007; Takatori et al.,
2010; Nishida and Sawada, 2001), as exemplified in Fig. 3. Other
ascidian unequal cleavages, however, are not controlled by
localized mRNAs. At the onset of Ciona gastrulation, for example,
several ectodermal cells located just above the equator undergo
stereotyped divisions: the spindles align along the meridians of the
embryo, and the more equatorial daughter cell is always larger than
its more vegetal sister. Inhibition of gastrulation leads to
equalization of the size of the daughters, suggesting that forces
exerted by gastrulating endodermal cells create asymmetry by
pulling and displacing ectodermal spindles towards the vegetal pole
of the embryo (Tassy et al., 2010).
Indeed, endodermal progenitors drive the early phases of
gastrulation, during which the embryo evolves from a ball to a cup
geometry in two successive steps (Sherrard et al., 2010).
Computational simulation of the mechanical forces acting on this
simple system has revealed that a local mechanism, based on the
differential regulation of cortical tensions on the apical and
basolateral sides of endodermal progenitors, is sufficient to explain
the observed global deformation of the embryo (Sherrard et al.,
2010). Interestingly, in this system, apical constriction is not
sufficient to obtain invagination, in contrast to the commonly
accepted textbook view. Several signaling ligands and TFs
specifically act in the endodermal GRN, and it will be interesting
to dissect their role in this morphogenetic process.
How a GRN can control a specific morphogenetic process at the
cellular level is best illustrated by the migration of heart precursors
from the tail to the ventral part of the head in C. intestinalis, a
process that is largely independent of heart fate specification (Beh
et al., 2007). FACS sorting of wild-type or manipulated heart
precursors followed by microarray analysis identified targets of the
C. intestinalis heart GRN that controls the cellular processes
involved in this migration (Christiaen et al., 2008). This study
indicates that heart precursor migration can be broken down into
distinct cellular processes (such as adhesion or membrane
protrusion), each controlled by a module of cytoskeletal effectors
and regulators. Each module includes a large set of constitutively
expressed proteins, the action of which is coordinated by a small
GRN subcircuit acting on a small number of cellular effectors (such
as RhoDF for membrane protrusion). Thus, although both GRNs
and cytoskeletal networks are large, their coupling is ensured by
just a few key proteins in each type of network. This parsimonious
coupling between networks that act at different organizational
levels is in keeping with findings reported in Drosophila (Kölsch
et al., 2007) and vertebrates (Chung et al., 2010).
Limitations and future directions
The diversity of tunicates is both a richness and a source of
confusion. The geographic location of a tunicate laboratory can
strongly influence the choice of the species it works with, leading
to a dilution of efforts on each individual species. As mentioned, it
is not always clear whether the extrapolation of results between
species, even those that are morphologically similar, is legitimate.
One solution would be to focus studies on C. intestinalis because
of its availability to most ascidian laboratories. C. intestinalis,
however, shows some experimental limitations: the relatively
limited volume of embryonic material that can be obtained from
this species limits some biochemical studies, including chromatin
assays. Also, Ciona eggs are not sufficiently transparent for highresolution whole embryo imaging studies. By contrast, several
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Fig. 3. Control of the geometry of cell divisions in early ascidian
embryos. (A)(a) Schematized vegetal view of a 16-cell ascidian embryo
showing the position of two blastomeres, A5.1 (orange) and B5.2
(green), that undergo spatially regulated divisions. (b)Vegetal view of a
32-cell embryo showing the descendants of A5.1 (A6.2, yellow and
A6.2, pink) and of B5.2 (B6.3 and B6.4, green). (B)The asymmetric
division of A5.1, which leads to the formation of one mesoderm
precursor (A6.2, yellow) and one endoderm precursor (A6.1, pink) as a
result of transient nuclear migration towards the mesoderm side.
(a)The nucleus (blue) moves towards the future mesoderm cortex and
starts producing mRNA of the mesoderm determinant (Not mRNA, red).
(b)Not mRNA is released from the nucleus and is stabilized by Wnt
signaling. (c)The nucleus migrates back towards the center of the cell
before cleavage (dashed line) takes place. (d)As a result of cleavage
and the segregation of Not mRNA into one cell, one mesoderm (A6.2,
yellow) and one endoderm (A6.1, pink) precursor form. Modified with
permission (Takatori et al., 2010). (C)The unequal division of B5.2,
which is driven by cortically localized maternal mRNA inherited by an
actin-rich structure called the centrosome attracting body (CAB,
yellow). (a,b)The CAB attracts a centrosome, leading to asymmetric
microtubule aster formation (microtubules in red, nucleus in blue).
(c,d)A strong microtubule bundle forms on the CAB side, pulling on
the nucleus and leading to a shift in spindle position. Modified with
permission (Nishikata et al., 1999).

species, including P. mammillata, produce up to a million optically
transparent eggs. The ongoing sequencing of the genomes of a
range of solitary (Phallusia fumigata, P. mammillata, Halocynthia
aurantium, H. roretzi) and colonial (B. schlosseri, D. vexillum)
ascidians will allow researchers to choose the most relevant
tunicate model for a given question. The availability of these
genomes is also a prerequisite to rigorously exploring the level of
divergence between the developmental programs of closely or
distantly related tunicates, as has been performed in drosophilids
(Kalinka et al., 2010) and worms (Yanai and Hunter, 2009). Such
genomic studies should be extended to thaliaceans, in particular to
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those that can be bred in the laboratory, such as D. gegenbauri.
This would resolve the phylogenetic position of this class of
animals and provide tools for a molecular characterization of their
peculiar embryogenesis.
Ascidians are among the most suitable metazoan systems for
mid-scale overexpression studies and for morpholino-mediated
gene interference, but they also present some experimental
limitations. First, all solitary ascidians are seasonal, although their
embryos can be obtained during a large part of the year (Table 1).
Second, RNA interference (RNAi), which has become a major
research tool in invertebrate and vertebrate model systems
(Perrimon et al., 2010), is currently only used routinely to study
blastogenesis in B. schlosseri. As such, the development of RNAi
technology for other tunicates should be a priority. Short hairpin
RNAs (shRNAs) might be a promising approach to explore, as they
have been reported to be functional in one Ciona study (Nishiyama
and Fujiwara, 2008). Finally, cell lines have been invaluable in
other systems to decipher signaling pathways (e.g. Nybakken et al.,
2005) or transcriptional regulatory control mechanisms (Birney et
al., 2007). So far, and in spite of many attempts, not a single marine
invertebrate cell line has been established, suggesting that a
profound difference exists between terrestrial and marine
organisms in this respect.
Conclusions
Fueled by progress in live imaging, genomics and computational
approaches, developmental biology has undergone profound
changes over recent years. We can now realistically aim to
understand and computationally model how global organismal
shape is encoded in the genome and how it can evolve. Tunicates
have certain attributes that should allow them to contribute
significantly to this quest. They include powerful model organisms,
such as C. intestinalis, in which GRNs are being deciphered and
linked to the cell biology and cell mechanics of development. In
parallel, the tunicate subphylum offers a diversity of species, of
morphologies and of developmental strategies. Very similar
embryos can be produced by distantly related species, such as
Ciona and Halocynthia, despite considerable genomic differences.
Conversely, closely related species belonging to the Molgula genus
produce very different larvae, and many thaliaceans have lost the
ancestral chordate larval body plan. Furthermore, the coexistence
in the same species of sexual and asexual reproductive cycles, the
latter bypassing the tadpole stage, provides a fascinating illustration
that two developmental programs that lead to the same outcome via
different routes can be encoded in a single genome. Tunicates are
thus ideal for an evolutionary exploration, within the chordate
phylum, of the relationships between genotype, regulatory network
architecture and phenotype.
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