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This review is a tribute to the remarkable contributions of Thomas Huxley to the
biology of tunicates, the likely sister group of vertebrates. In 1851, the great biol-
ogist and philosopher published two landmark papers on pelagic tunicates in
the Philosophical Transactions of the Royal Society. They were dedicated to the
description of the adult anatomy and life cycle of thaliaceans and appendicular-
ians, the pelagic relatives of ascidians. In the first part of this review, we discuss
the novel anatomical observations and evolutionary hypotheses made by
Huxley, which would have a lasting influence on tunicate biology. We also
briefly comment on the more philosophical reflections of Huxley on individual-
ity. In the second part, we stress the originality and relevance of past and future
studies of tunicates in the resolution of major biological issues. In particular, we
focus on the complex relationship between genotype and phenotype and the
phenomenon of developmental system drift. We propose that more than 150
years after Huxley’s papers, tunicate embryos are still worth studying in their
own right, independently of their evolutionary proximity to vertebrates, as
they provide original and crucial insights into the process of animal evolution.
Tunicates are still at the forefront of biological research.

1. Introduction

In 1851, two landmark articles by British zoologist Thomas Huxley were pub-
lished side by side in the Philosophical Transactions of the Royal Society [1,2]. These
pieces of work, one of which is reproduced in this issue, were dedicated to the
description of the adult anatomy and life cycle of some of the most enigmatic
pelagic invertebrates: the salps, pyrosomes and doliolids, now composing the
thaliaceans, and the appendicularians. Huxley proposed for the first time
that, similarly to salps [3], appendicularians are closely related to ascidians,
and thus belong to the tunicates, now considered to be the sister group of ver-
tebrates. He further suggested that they are the ‘lowest” form of tunicates. His
careful description of the complex life cycle of salps also led him to challenge
the classical notion of ‘individuality’.

Huxley’s papers are characterized by much detailed and accurate anatom-
ical descriptions and are beautifully illustrated (figure 1). They still provide a
particularly rewarding read, for the accuracy and conceptual importance of
their scientific content as well as for their style. Indeed, the modern scientific
reader is seldom confronted with poetic evocations of the mysteries of the
sea: ‘“The sky was clear but moonless, and the sea calm; and a more beautiful
sight can hardly be imagined than that presented from the decks of the ship
as she drifted, hour after hour, through this shoal of miniature pillars of fire
gleaming out of the dark sea, with an ever waning, ever-brightening, soft
bluish light, as far as the eye could reach on every side’ [1, p. 580].

Here, we will present a brief overview of the contribution of Thomas Huxley
to the biology of tunicates and highlight some of the current biological and
evolutionary riddles that these fascinating creatures can help elucidate.

© 2015 The Authors. Published by the Royal Society under the terms of the Creative Commons Attribution
License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted use, provided the original
author and source are credited.
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Figure 1. Portrait of T. H. Huxley and representative drawings of a zooid of Pyrosoma (a), a blastozooid of Doliolum denticulatum (b) and an oozooid of Thalia
democratica (c). Note that, as Huxley was not aware of the close relationship between tunicates and vertebrates, the embryos are shown in reverse dorsoventral
orientation with the endostyle upwards and the brain downwards. (a,c) Adapted from [2] and (b) from [1].

2. (lassifying nature and the origin of
species: tunicate phylogeny, then and
now

A short presentation of the tunicates is given in box 1.
The sessile ascidians (or sea squirts), represented by Ciona
intestinalis, are the best-known representatives of this
group, for which the status of phylum was recently pro-
posed [4]. The close relationship of the pelagic salps with
the ascidians was first inferred by Cuvier in 1804 [3].
Lamarck clearly differentiated these marine animals from
molluscs, into which they were initially classified, coining
the term ‘tuniciers’ (tunicates) because of the double
tunic encasing and protecting the adult [5], and formed in
part by cellulose material as later shown by Huxley [6]. The
pyrosomes were recognized to belong to the tunicates in
the first half of the nineteenth century [7] and the doliolids
were subsequently added to the group by Quoy and Gay-
mard, in their report of their journey on the Astrolabe [8].
By the time Huxley boarded the HMS Rattlesnake in 1846 as
an assistant surgeon, the tunicates were composed of asci-
dians, salps, doliolids and pyrosomes but the few available
descriptions of the latter three clades remained rare and
superficial, and their life history remained enigmatic, with the
notable exception of Chamisso’s description of the alternation
of generations in salps [9]. Appendicularians had previously
been described by Chamisso [10], Mertens [11] and Quoy &
Gaimard [12] who had not recognized the similitude to the
other tunicates.

Inhis two 1851 articles, written shortly after the return of the
Rattlesnake, Huxley provides exquisitely detailed descriptions of
the adult anatomy of salps and pyrosomes [1], and of appendi-
cularians and doliolids [2], thereby shedding light on several
tunicate organs and their functioning. He in particular
described a novel organ, the endostyle, which he thought was
a ‘very remarkable distinctive character of the Tunicata” [1].
He also described the regular reversal of blood flow in salps
[1], which he did not observe in doliolids [2]. The quality of
his descriptions led to a refinement of the systematics and
phylogeny of tunicates and rapidly entered one of the major
monographs on the systematics of molluscs, ‘Klassen und
Ordnungen der Weichthiere’ by Bronn [13]. The primacy of
Huxley’s descriptions was acknowledged by the German
school, and in particular Leuckart [14] and Keferstein &
Ehlers [15]. Krohn, unaware of Huxley’s work, independently
described the doliolids in 1852, missing the presence of the
endostyle, in a piece of work translated into English, and
criticized by Huxley, for the Annals and Magazine of Natural
History [16].

Huxley first extended the tunicates by adding the Appen-
dicularia to the group: ‘there can be no doubt that the animal
is one of the Tunicata. The whole organization of the creature,
its wide respiratory sac, its nervous system, its endostyle, all
lead to this view’ [2, p. 599]. He also proposed evolutionary
scenarios to explain tunicate diversity, based on the current
evolutionary theories of his time. Influenced by the recapitu-
lation theory, already suggested by the Greek philosopher
Anaximander [17], formulated in its modern form by
Meckel and Serres [18] and subsequently made popular by
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Box 1. Tunicates.

(e)

atrial siphon

Tunicates are composed of three main groups, the sessile ascidians on one hand and the pelagic appendicularians and thalia-
ceans on the other. They are characterized by the possession of a tunic composed of cellulose. Adult tunicates are filter
feeders: the seawater enters a pharynx through an inhalating or oral siphon, in most cases set in motion by ciliary beating,
food particles are trapped on a mucous net secreted by the endostyle, and the water and waste exit the body through an exhalat-
ing or atrial siphon. Appendicularia, ascidians and some thaliaceans possess a tadpole-like larva with a notochord and
metamorphose into sessile adults in the case of ascidians. Tunicates have reversible blood flow. See text for further details.

. oral siphon

- ciliated funnel

neural ganglion

- endostyle
- pharynx
- peribranchial cavity

_.- digestive tract

- pericard

Tunicates are composed of three groups. (a) Live images of an adult Appendicularia, (b) two focal planes (left, dorsal with the neural ganglion, right, ventral with
the endostyle, note the muscle bands encircling the zooid) of a blastozoid of the thaliacean Doliolum nationalis, (c) a larva of the ascidian Phallusia mammillata and
(d) an adult of the same species, (e) Bauplan of an adult ascidian (modified after Brien, 1946).

Haeckel in his biogenetic law (‘Ontogeny recapitulates Phylo-
geny’ [19]), he inferred the phylogenetic position of
Appendicularia from the morphological comparison of their
adult form with ascidian larvae: ‘as in all great natural
groups some forms are found which typify, in their adult
condition, the larval state of the higher forms of the group,
so does Appendicularia typify, in its adult form, the larval
state of the Ascidians’ [2, p. 599]. Although the biogenetic
law has since been scientifically refuted, Huxley’s conclusions

on Appendicularia are supported by modern molecular phy-
logenies, which strongly suggest that this group is positioned
at the root of the tunicate tree (figure 2) [20].

Huxley did not come to firm conclusions about the pre-
cise relationships between ascidians and thaliaceans. He
challenged a previous classification of tunicates into Mono-
chitonida and Dichitonida, based on the organization of
their tunic, but did not propose an alternative [1]. Instead,
he considered that the homology of inner structures among
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Figure 2. Phylogenetic tree reconstituted by a Bayesian approach avoiding
long-branch attraction artefacts. Note that tunicates and vertebrates are
sister groups as also the thaliaceans and phlebobranchs inside the ascidians.

tunicates was such that it was difficult to ‘draw any very
broad line of demarcation among the various members’ of
the group, ‘the various genera passing one into the other
by almost imperceptible gradations’ [1, p. 587], a suggestion
in keeping with phyletic gradualism, already advocated by
Leibniz and a major tenet of Darwin’s theory.

Huxley made efforts to determine precise phylogenetic
relationships between thaliaceans. He rejected the idea that
salps and pyrosomes should only be distantly related [1].
Instead, he favoured the emergence of this group from a ses-
sile colonial ascidian-like ancestor, because pyrosomes ‘have
the closest similarity in structure to the Botryllidae and
other compound Ascidians’ [1, p. 586] and considered the
dorsal appendage of Doliolum as a rudiment of an ancestral
pedicle of attachment [2]. In agreement with Huxley’s propo-
sal, thaliaceans appear monophyletic in current molecular
phylogenies and are proposed to be nested within ascidians,
where they form the sister group of the phlebobranchs [21]
(first proposed by Wada [22]). Based on the structure of the
branchial slits, and the position of the siphons and testis,
Huxley proposed a pyrosoma—doliolum-salps evolutionary
succession. Owing to the paucity of genomic resources
for these taxa, their relative phylogenetic position remains
controversial [23].

Huxley did not specifically delve into the question of the
sessile versus pelagic nature of the ancestral tunicates, a ques-
tion which also remains controversial nowadays. There is a
single convincing early tunicate fossil, Shankouclava aningense
[24], a sessile ascidian-like creature from the Early Cambrian.
Reconstitution of the ancestral tunicate therefore still relies in
large part on phylogenetic analyses, followed by parsimony
arguments. Most recent phylogenies consider appendicular-
ians as the basal tunicate clade, suggesting that the last
common ancestor (LCA) of the tunicates was pelagic [21]
(F. Delsuc & E. Douzery 2015, personal communication),
although this question is still debated [25,26]. According to
this parsimonious scenario, sessility was acquired once by
the LCA of ascidians and thaliaceans, and lost again in thalia-
ceans (figure 3). The latest molecular phylogeny thus argues
for a free-swimming tunicate LCA.

Nature does not always follow parsimonious paths, however
[27], and more complex scenarios cannot be formally excluded,
including a sessile tunicate ancestor followed by a transition to
pelagy in Appendicularia. Because metamorphosis is often con-
sidered diagnostic of a radical change in lifestyle between larval
and adult forms [28], it is intriguing that appendicularians
undergo metamorphosis, although both their adults and their
larvae are pelagic. This could argue in favour of a sessile, or
benthic, ancestor for tunicates (see also [29] for Oikopleura), in
agreement with Garstang [30]. Finally, a pelagic ascidian

ancestor, followed by the independent convergent acquisition n

of sessility in phlebobranchs and stolidobranchs, can also not
be formally excluded, although evidence for a sessile ancestor
for thaliaceans as proposed by Huxley has accumulated over
time, and appears most likely [23].

3. Thaliaceans or how to radically change
lifestyle and morphology

Our understanding of the ecology, development and life
cycle of ascidians has much progressed since Huxley’s
times, suggesting scenarios for the emergence of pelagic
thaliaceans from an ascidian-like ancestor.

Solitary ascidians show a remarkable conservation of
embryonic cell lineages and morphologies and of larval devel-
opment even between species that diverged a long time
ago, such as the stolidobranch Halocynthia roretzi and the
phlebobranch C. intestinalis. This stereotyped development is,
however, not an evolutionary ‘dead-end’.

Indeed, colonial ascidian development departs from the
solitary situation. There is an overall lengthening of embryo-
genesis, which can last up to five months [31], instead of
1 day in Ciona and Halocynthia. Unlike larvae of solitary asci-
dians, larvae of colonial ascidians are generally large, count
many cells and hatch with well-differentiated adult structures
[32]. In the majority of cases described, colonial species pro-
duce large eggs, and early development proceeds with the
same early cell lineage as solitary species [33]. By contrast,
some colonial aplousobranch species, such as Hypsistozoa
farmeriana [31] have, like salps, a viviparous development
during which embryos, produced from small eggs (25 pm
in H. farmeriana), undergo considerable growth, and may
strongly depart from the common solitary cell lineage. One
can thus observe within ascidians a variety of both early
and late developmental strategies.

Colonial ascidians illustrate that the formation of adult
structures can thus become uncoupled from the necessity to
adhere to a substrate observed in solitary ascidians. Interest-
ingly, mutants that metamorphose without adhesion were
recently identified in the solitary Ciona. These mutants are
defective for the cellulose synthetase gene, and consequently
produce celluloseless tunics [34]. The involvement of this
type of mutant in the transition towards thaliacean pelagic
life is unlikely, as cellulose is also found in the tunic of thalia-
ceans. Yet, the finding that a single mutation can alleviate the
need for substrate adherence to undergo metamorphosis
highlights that transition from sessility to pelagy needs not
have involved extensive genetic rewiring in the LCA of
ascidians and thaliaceans [35].

In addition to becoming pelagic, salps and pyrosomes
have entirely lost the tadpole form, which was only retained
in some doliolids [23]. Here, the thaliacean pelagic lifestyle
may have alleviated the need for efficient larval dispersal,
and thus the selective pressure for the maintenance of the
swimming tadpole stage. Interestingly, loss of tailed tadpole
stages has also been observed in several sessile Molgulidae
and Styelidae ascidians [36]. In such cases, development is
affected only at post-gastrula stages, and does not affect the
final adult form. In the case of Molgulidae, it was proposed
that the formation of anural larvae was driven by ‘positive
selection for tadpole loss in highly adaptive habitats with
patchy distribution [...] because extensive dispersal may
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Figure 3. Evolutionary scenario of the tunicates. In this set-up, pelagic appendicularians gave rise to sessile ascidians, in which coloniality arose several times by
budding, giving rise to applousobranchs and thaliaceans, the latter which returned to a pelagic life. Asexual generations are represented in blue, sexual in red, and

mixed in purple.

land the juvenile off the habitat and thus be lethal” [37,
p- 653]. Interestingly, tail loss may also involve a limited set
of genetic changes, as a single main locus has been identified
between two closely related tailed (Molgula oculata) and
tailless (Molgula occulta) species [38].

4. The salp life cycle and a new definition
of individuality

Thomas Huxley’s work on salps led him to propose a novel
definition of ‘zoological individuality” (as opposed to ‘meta-
physical individuality’), which he further developed in a
separate monograph also published in 1851 [39]. This major
conceptual advance took place at a time when studies of colo-
niality and asexual reproduction upset classical definitions of
the individual (see for example Leuckart’s paper, edited the
same year, for the concept of division of labour between
different members of the same colony [40]). While Huxley’s
anatomical discoveries were rapidly generally accepted, his
more theoretical considerations were more controversial at
the time.

Huxley’s insight was based on his remarkable description
of the life cycle of salps, which are found as both solitary and
aggregate forms. Huxley’s work is largely consistent with
that of Chamisso [9], who had first understood that the solitary
and aggregate forms of salps, initially classified as distinct
species, represent alternating forms of the same species.
Chamisso had introduced the concept of alternation of gener-
ations: he proposed that the solitary asexual form gives rise,

by budding, to the aggregate sexual form, in which each
‘individual” contains an embryo that will in turn develop
into a solitary asexual form (figure 3). The alternation of gener-
ations was at the time a controversial topic, and the presence
of ovocytes in the asexual, solitary oozoids led the American
zoologist W. K. Brooks to object against alternation of gener-
ation in Salpa [41]. (See [23] for a more elaborate discussion of
this topic.)

The exact definition of an ‘individual” was the major point
of disagreement between Huxley and Chamisso. For Huxley,
the alternating forms are not to be considered as distinct
individuals, but rather as successive organs of a single indi-
vidual. In Huxley’s words, an individual is ‘the sum of the
phenomena successively manifested by, and proceeding
from, a single ovum, whether these phenomena be invariably
collocated in one point of space or distributed over many’
[1, p. 579]. Thus, an individual can be dispersed both in
space and in time, in that it adopts radically different forms
at different periods of its life, and sexual reproduction defines
the boundaries of the individual. Huxley introduced the term
‘zooid” to name the different forms of an individual, a term
whose use has been extended to describe the life cycle of
many phyla with colonial species. Interestingly, this close
association between sexuality and individuality has been
challenged by Huxley’s own grandchild, Julian [42], who
considered fertilization a poor boundary of individuality,
as true twins are distinct individuals originating from a
single fertilization event, and distinguished individuality in
time from individuality in space (see [43] for an elaborate
discussion of these topics).
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Figure 4. Possible homologies between tunicates and vertebrates. Larval
(lower) and adult (upper) ascidians (Ciona) are represented at the left-
hand side, while a vertebrate larva (lamprey) is represented at the right-
hand side. Presumed homologous structures are boxed and schematized in
similar colours.

5. Relationships between tunicates and
vertebrates

Huxley’s primary emphasis on the description of adult forms
may have prevented him from recognizing that tunicates and
vertebrates share embryonic structures that distinguish them
from other animal groups, except cephalochordates, not studied
by Huxley, and are thus phylogenetically closely related.

Although Huxley knew of the presence in Appendicularia
of a central tail rod structure, he failed to make the connection
with the embryonic notochord, a structure identified 25 years
earlier by K. von Baer in early vertebrate embryos [44].
He thought the endostyle specific to tunicates, and did not
recognize that vertebrates and cephalochordates possess
homologous structures with divergent adult morphologies,
including the vertebrate thyroid gland, and should thus be
considered as chordate synapomorphies, shared derived
traits characteristic of the group. The grouping of tunicates
with vertebrates in a new phylum, the chordates, would
have to wait until 1866 and the discovery by the Russian
embryologist Alexander Kowalevski that the equivalent cen-
tral rod in ascidian larvae is derived from a cellular structure
similar to the vertebrate notochord [45].

Recently, improved Bayesian methods for the reconstruc-
tion of phylogenetic trees from large-scale sequencing
projects have led to the unexpected conclusion that tunicates
are the sister group of vertebrates [46] (figure 2). This molecu-
lar evidence contrasts with cladistic analyses [47], which
placed cephalochordates as the most likely sister group to
vertebrates because, in addition to the notochord and the
dorsal neural tube shared by all chordates, they possess poss-
ible synapomorphies with vertebrates absent from tunicates,
including segmented somites, and a postanal tail [47,48]
(figure 4). More recently however, ascidians were shown to
harbour synapomorphies with vertebrates not found in
cephalochordates. For instance, the close association between
the mouth (or oral siphon) primordium and anterior neural

plate territories in both ascidians and amphibians suggests [ 6 |

that the evolution of these two structures may be more clo-
sely linked than previously appreciated [49]. Also, ascidians
and appendicularians develop sensory placodes, regions of
thickened ectoderm that, in vertebrates, give rise to sensory
neural structures [50,51]. One such ascidian structure, located
anterior to the brain, most likely corresponds to the olfac-
tory/adenohypophyseal placodes of vertebrates [50]. A pair
of sensory placodes located on either side of the posterior
brain bears most similarity to the vertebrate otic placodes
fated to form the acoustico-lateralis system [51]. In ascidians,
this structure forms the atrium and most of the atrial siphon
of the adult. Also, C. intestinalis possesses a cephalic melano-
cyte lineage that has been proposed to be an evolutionary
‘precursor’ of the vertebrate neural crest [52]. Finally, analysis
of the Ciona heart lineage suggests the presence of an ascidian
evolutionary precursor of the vertebrate secondary heart field
[53]. The longstanding difficulty in assigning an accurate
phylogenetic position to tunicates within chordates may
thus result from the combination of the loss in this group of
some ancestral chordate plesiomorphies, including somite
segmentation, with the emergence in olfactores of novel
shared embryonic structures, which however give rise to adult
organs with different morphologies, fulfilling distinct functions,
and whose homology is thus difficult to recognize.

Divergence between tunicates and other chordates is also
marked at the molecular level. Molecular phylogenies of
tunicates, and in particular of Oikopleura, are characterized by
long branches, reflecting rapid protein evolution. Gene loss is
frequent, including genes that play fundamental roles in ver-
tebrate development, such as gbx2 [54] or the central Hox
genes [55]. Fifteen per cent of C. intestinalis genes are organized
in operons, a phenomenon associated to the presence of trans-
splicing [56]. Non-coding sequences also evolve rapidly, and,
while some ultra-conserved non-coding sequences are shared
between vertebrates and cephalochordates [57], this is not the
case with ascidians [58]. Although it has been reported that
some sequences regulating gene expression in ascidian
embryos are functional in vertebrates, closer analysis suggests
that this could be artefactual [59]. Also, while cephalochordate
genomes have retained substantial macrosynteny with ver-
tebrates, C. intestinalis and Oikopleura dioica have not [60,61].
Finally, the Hox gene cluster of tunicates is dispersed over
several chromosomes [55] and has a reduced role in the
antero-posterior organization of the body plan compared
with most bilateria [62].

In spite of this extensive divergence in genome sequence
and architecture, orthologous regulatory genes sometimes
play apparently conserved roles in homologous structures in
ascidians and vertebrates (e.g. Brachyury for the notochord
[47], FGFS8 for the midbrain—hindbrain boundary region [63],
Pax2/5/8, Six genes and Pitx for placodes [51], Mitf in the pig-
mented cell lineage [52], and Mesp and Gata4/5/6 in heart
specification [64]). How conserved are the regulatory networks
that act upstream or downstream of these shared regulators
remains largely unknown. However, as considerable rewiring
of genetic networks responsible for otherwise conserved
traits (a phenomenon called developmental systems drift
(DSD)) has occurred within tunicates [65,66], it is likely that
differences between tunicates and vertebrates will be strong.
For example, divergence in signalling strategies for moto-
neuron specification between ascidians and vertebrates were
pinpointed [67,68]. Sobral and colleagues also reported that
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the expression profiles of orthologous ascidian and zebrafish
genes, including regulatory genes, have considerably diverged
[69]. This extensive molecular and anatomical divergence
between tunicates and vertebrates suggests that extrapolations
to vertebrates of results obtained with tunicates should only be
done with caution.

6. Tunicates at the beginning of the
twenty-first century: bridging DNA
sequence and tissue morphogenesis

Tunicates entered the era of genomics and systems biology at
the turn of the twenty-first century with the sequencing of the
genomes of the phlebobranch ascidians C. intestinalis [54],
and Ciona savignyi [70], followed by the appendicularian
O. dioica [61] and the colonial stolidobranch ascidian Botryllus
schlosseri [71]. Most of this work found its justification in the
close phylogenetic relationship to vertebrates, and in the
hope that the powerful experimental techniques developed
for the simple ascidian embryos would shed light on the
origins of vertebrates (figure 2).

Ciona intestinalis took the lead in this work. The compactness
of its genome (approx. 150 Mb for approx. 15 000 coding genes)
and the ease to perform and interpret in situ hybridization
assays with cellular resolution led to high-resolution expression
atlases of most regulatory genes acting up to the gastrula stage
[63]. The development of electroporation methods to analyse
cis-regulatory activity of defined sequences during early devel-
opment [72], and the possibility to interfere with gene activity
by microinjection of morpholinos [73], and more recently by
expression of TALENSs [74] or via CRISPR/Cas9 constructs
[75], 1ed to a detailed reconstruction of the early gene regulatory
networks responsible for the establishment of the main tissue
types of a chordate embryo [76]. This early gene regulatory net-
work remains less complete than in sea urchins [77], and
insufficient to systematically estimate its level of relatedness to
vertebrate networks. Its further deciphering should, however,
rapidly benefit from the recent improvements in single-cell tran-
scriptomics, large-scale identification of enhancers based on the
detection of open chromatin regions [78] and large-scale func-
tional tests of these predicted enhancers [79]. Within the next
few years, we anticipate to have a sufficiently complete under-
standing of the early Ciona gene regulatory networks to
computationally simulate their dynamic functioning [80]. This
wealth of information makes C. intestinalis the ‘golden
standard’ for comparative studies with the developmental
programmes of vertebrates and of other tunicates.

The optical transparency, cellular simplicity and stereotyped
mode of development of ascidian and appendicularian embryos
also provide a rigorous cellular framework in which the geome-
try and behaviour of individual cells can be imaged and
reconstructed in three dimensions [81,82]. This approach,
applied on a small scale, has revealed that cell signalling acts
at very short range in early ascidian embryos [81], has provided
a cellular basis for the observed narrowing of cells observed at
each end of the notochord [83] and has allowed to dissect and
mechanically simulate the first major morphogenetic event
during ascidian embryogenesis, the invagination of the endo-
dermal precursors [84]. Live quantitative imaging [85,86] and
computational processing [87,88] of ascidian or appendicularian
embryos will hopefully identify the repertoire of individual

cell behaviours across development, and reveal how single cell
behaviours integrate to produce tissue- and organ-level mor-
phogenesis. Such descriptions can be linked to the underlying
gene regulatory networks through the identification of transcrip-
tionally regulated cellular effectors of cell behaviour, as
pioneered during heart development [53]. The genetically and
morphologically simple ascidian embryos, like those of the
nematode Caenorhabditis elegans [87,89], are thus ideally suited
to understand how static DNA sequence information is trans-
lated into the dynamic properties of cells, tissues and organs.
Lack of cell growth, limited cell migration or intercalation, and
the stereotyped development based on cell lineages also
favour the mechanical modelling of morphogenesis [84].

In addition to sexual reproduction, colonial ascidians can
also reproduce asexually via stem-cell-mediated budding,
without passing through the autapomorphic chordate tadpole
larval form [90]. The extent of similarity between the sexual
and asexual developmental programmes, which give rise to
the same adult form, is a fascinating issue that has only recently
started to be explored [91-93]. Ascidians are also important in
the field of innate immunity. Some colonial ascidians, includ-
ing the stolidobranch ascidian B. schlosseri, have developed a
sophisticated histocompatibility system, which determines
whether two colonies will fuse or reject each other upon contact
[93]. Availability of the B. schlosseri genome opens the way fora
systematic molecular analysis of both asexual development
(e.g. [94]) and allorecognition [95].

The understanding of the genomics and development of
non-ascidian tunicates is also progressing. The cell lineage of
the pelagic appendicularian O. dioica was recently described
and shown to markedly differ from ascidian cell lineages
[29]. Its genome has also been sequenced, revealing an aston-
ishing genomic compaction with extensive gene losses
[61,96]. Although functional interference with gene activity
has been reported in O. dioica [97], scarce information about
the genetic developmental programme of this clade is currently
available. Finally, thaliaceans lag behind all tunicates. Their
embryology remains very poorly understood [23] and thalia-
cean genomic resources are for the time being limited to a
single doliolid mitochondrial genome [98].

7. Tunicates as models of animal evolution
and developmental systems drift

The renaissance of tunicate studies at the end of the twentieth
century mostly found its roots in the belief that they could
shed light on the evolutionary emergence of medically rel-
evant vertebrate processes [52,99]. We argue below that
tunicate embryos are worth studying in their own right, inde-
pendently of their evolutionary proximity to vertebrates, as
they may provide some original and crucial insights into
the process of animal evolution.

Since Darwin, the crucial role of natural selection in shaping
the evolution of species has been confirmed by experimental
evolution studies and by the detection of multiple signatures
of selection in genome-scale data [100]. The past century has
however seen successive refinements of the theory of Darwin
[101]. One longstanding question is whether evolution proceeds
gradually at a slow and constant rate, or whether “Nature does
make jumps now and then’ as Huxley wondered [102]. On the
basis of the absence of intermediate states in the palaeonto-
logical record, Eldredge and Gould proposed that rather than
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being gradual, evolution proceeds by the alternation of long
phases of evolutionary stasis with brief episodes of rapid
changes at the time of speciation [103]. Indeed, some lineages
have kept virtually unchanged adult morphologies for tens to
hundreds million years, such as the coelacanth [104] or the
horseshoe crab [105], while others show very rapid morpho-
logical changes, such as the crater lake cichlids [106]. Also,
while naturally selected single mutations in wild populations
were predicted to have only small phenotypic effects, some
with much large morphological effects have been identified
[107,108]. Taken together, these observations support that evol-
ution may, at least in some groups, proceed by periods of stasis
followed by relatively rapid evolutionary change, a process
coined punctuated equilibria.

As described above, solitary ascidian embryos provide an
example of exceptional morphological stasis. The embryonic
cell lineages of the phlebobranch C. intestinalis and of the stoli-
dobranch H. roretzi, two species probably separated by several
hundred million years of evolution, are nearly identical [109].
Even the shape, position and surface of contacts between
embryonic cells appear well conserved [81,84]. Yet, profound
changes in this exceptionally conserved embryogenetic pro-
gramme are observed and correlate with major ecological
transitions within tunicates, from sessility to pelagy as seen
in thaliaceans, or from solitary to colonial lifestyle as observed
in ascidians. This pattern of evolution agrees with Eldredge
and Gould'’s theory of punctuated equilibria.

Morphological stasis occurs in a general context of the
accumulation of genetic mutations in successive generations.
Intuitively, one would expect the rates of morphological and
genome evolution to be coupled. Indeed, coelacanth protein-
coding genes are slowly evolving [110], whereas crater lake
cichlid fish genomes show accelerated evolution [111]. The situ-
ation, however, appears radically different in tunicates, which
show rapid evolution of protein-coding genes throughout the
clade, as well as extensive divergence in non-coding sequences
[96]. In addition, ascidians are among the most polymorphic
animal species. The evolutionary stasis observed in solitary
ascidians is thus paradoxically associated to rapid intra-specific
polymorphism and interspecific genome divergence. Ascidians
thus constitute an ideal system to study how genetic variability
can be buffered to produce very similar embryos.

This buffering could take place at different levels. Pre-
liminary evidence on very few proteins suggests that some
proteins appear to retain their function between distantly
related ascidians, while others do not [66]. In parallel, emerging
evidence points to a substantial variability of gene expression
patterns across tunicates [112], even between individuals of a
single species [113], suggesting quantitative or qualitative
changes in the gene regulatory networks underlying gene
expression. To better understand the evolution of gene regulat-
ory networks within solitary ascidians, several studies tested
conservation of the function of non-coding sequences between
ascidians. In most cases, the cis-regulatory sequences that have
been tested in cross genus transgenic experiments show func-
tional conservation in spite of a level of sequence divergence
that precludes their alignment [114,115]. In such cases, upstream
regulatory transcription factors (TFs) are conserved, and pheno-
typically cryptic sequence divergence reflects a high tolerance to
TF-binding site turnover, without change in the underlying
regulatory logic. Buffering of non-coding sequence divergence
can thus result from the relaxed syntax of developmental cis-
regulatory sequences, as described in other systems [116,117].

There are however also documented cases of changes in the
cis-regulatory logic between Molgula and Ciona species, without
qualitative changes in the expression profiles of the genes [66].
At least one key Molgula developmental gene, the zinc-finger
gene Manx [38], has no identifiable orthologue in C. intestinalis.
Additional cases of rewiring between stolidobranchs and phle-
bobranchs have been described in the notochord, and muscle
lineages [65,118]. Thus, ascidian embryonic gene regulatory net-
works can undergo profound rewiring without obvious
phenotypic consequences, a process referred to as DSD for
developmental systems drift [119] or divergence [120].

The studies described in the above paragraph are still in their
infancy, and only cover an anecdotic number of loci in few
species. Understanding the relative contributions of protein evol-
ution, relaxed cis-regulatory syntax and network rewiring to
mutational robustness will require the reconstruction of homolo-
gous networks in several tunicate species, using the Ciona
network as a guide. This will be facilitated by ongoing efforts
to increase the number of tunicate species with sequenced gen-
omes, to cover the major branches of the tunicate phylogeny.
The genomes of Phallusia mammillata and P. fumigata, H. roretzi
and H. aurantium are now assembled (P. L. and C. Dantec
2015, unpublished data), while drafts of the M. oculata, M. occulta
and M. occidentalis genomes have recently been released [66].

What could drive the contrasted evolutionary trajectories
of tunicates? Identification of genes undergoing accelerated
evolution in distinct lineages may provide some insight. In
addition, the high level of polymorphism in tunicates [96],
besides facilitating the cloning of mutants affecting embryonic
development [121], makes these animals particularly suitable
to population genomics approaches [122]. This type of approach
may identify signatures of natural selection on the genes or cis-
regulatory sequences that constitute gene regulatory networks
in the various clades of solitary ascidians. Indeed, a study in
C. intestinalis revealed a high level of amino acids under either
purifying or adaptive (positive) selection [123]. Comparison of
patterns of selection between clades may help explain why
different tunicate groups show distinct preferential evolution-
ary trajectories. For instance, larval tail loss has occurred
independently several times in the molgulids [124], but not in
other groups. Conversely, molgulids are all solitary, while
aplousobranchs are all colonial and the other groups show a
repeated emergence of coloniality. Population genomics may
also help understand an ongoing cryptic speciation event
within C. intestinalis [125-127].

8. Concluding remarks

Since Thomas Huxley, the focus of tunicate biology has been
very productively displaced towards sessile ascidians, as
clearly follows from the preceding discussion. The simple
embryos of solitary ascidians, the contrasted evolutionary tra-
jectories of tunicates, their richness of life histories and their
high rate of polymorphism all concur to make this clade par-
ticularly attractive to study. Pelagic tunicates remain
understudied, and still have many of their mysteries to give
away, in particular concerning the mechanisms of adaptation
to a new pelagic lifestyle. Modern imaging and molecular
biology techniques should now be used to resolve some of
the lasting enigmas of these fascinating animals ([23]).

In these times of harsh scientific competition, it is comfort-
ing to end with this citation of Huxley concerning Mertens’
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discovery of the house of appendicularians, an observation he
could not confirm: ‘At the same time it is quite impossible to
imagine, that an account so elaborate and detailed, can be
otherwise than fundamentally true, and therefore, as Mertens’
paper is not very accessible, I will add his account of the matter,
trusting that further researchers may clear up the point’ [2, p.

598]. A remarkable example of scientific collegiality and ethics.

References

Huxley TH. 1851 Observations upon the anatomy
and physiology of Salpa and Pyrosoma. Phil.
Trans. R. Soc. Lond. B 141, 567 —593. (doi:10.1098/
rstl.1851.0027)

Huxley TH. 1851 Remarks upon Appendicularia
and Doliolum, two genera of the Tunicata. Phil.
Trans. R. Soc. Lond. B 141, 595-605. (doi:10.1098/
rstl.1851.0028)

Cuvier G. 1804 Mémoire sur les Thalides (Thalia
Brown) et sur les Biphores (Salpa Forskaohl). Ann
Mus. Natl d'Hist. Nat. 4, 360—382.

Satoh N, Rokhsar D, Nishikawa T. 2014 Chordate
evolution and the three-phylum system.

Proc. R. Soc. B 281, 20141729. (doi:10.1098/
rsph.2014.1729)

Lamarck J-B. 1816 Histoire naturelle des animaux
sans vertébres. Paris, France: Verdiere.

Huxley TH. 1852 Observations on the existence of
cellulose in the tunic of ascidians. Q. J. Microsc. Sci.
1, 22-24.

Lesueur C. 1815 Mémoire sur I'organisation des
Pyrosomes. Bull. Soc. Phil., 70-74.

Quoy JRC, Gaimard JP. 1834 Voyage de découvertes
de I’Astrolabe. Paris, France: J Tastu.

Chamisso A de. 1819 De animalibus quibusdam e
classe vermium Linneana in circumnavigatione terrae
auspicante Comite N. Romanoff duce Ottone de
Kotzebue annis 1815, 1816, 1817, 1818, peracta,
observatis Fasciculus primus. De Salpa. Berlin,
Germany: Diimmler Verlag.

Chamiss A de. In Chamisso A de, Eysenhardt CW.
1821 De animalibus quibusdam e classe vermium
Linneana, in circumnavigatione terrae, auspicante
Comite N. Romanoff, duce Ottone di Kotzebue, annis
1815—1818 peracta, observatis Fasciculus secundus,
reliquos vermes continens. Nova Acta physico-medica
Academiae Cesareae Leapoldino-Carolinae.

Mertens CH. 1831 Beschreibung der Oikopleura,
euner neuen Molluskengattung. Mémoires
I'Académie Impériale des Sci St-Pétersbourg, Vile
Série. 1, 205-220.

Quoy JRC, Gaimard JP. 1834 Voyage de Découvertes
de I'Astrolabe. Zoologie. Tome Ill. Paris, France:

J Tastu.

Bronn H. 1862 Klassen und Ordnungen der
Weichthiere. Leipzig, Germany: CF Winter'sche
Verlagshandlung.

Leuckart RS. 1853 Zoologische Untersuchungen.
Giessen, Germany: J. Ricker'sche Buchhandlung.
Keferstein W, Ehlers E. 1861 Zoologische Beitrige
gesammelt im Winter 1859/60 in Neapel und

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

2].

28.

29.

Messina, pp. 53—77. Leipzig, Germany: Wilhelm
Engelmann.

Krohn A. 1852 Upon the genus Doliolum and its
species. Ann. Mag. Nat. Hist. 10, 119-128. (doi:10.
1080/03745485609495660)

Gould SJ. 1977 Ontogeny and phylogeny.
Cambridge, UK: Belknap Press.

Meckel JF. 1811 Beytrige zur vergleichenden
Anatomie. Halle, Germany: Reclam.

Haeckel E. 1866 Generelle Morphologie der
Organismen: allgemeine Grundziige der organischen
Formen-Wissenschaft, mechanisch begriindet durch
die von Charles Darwin reformirte Descendenz-
Theorie. Berlin, Germany: G. Reimer.

Nishida H. 2008 Development of the
appendicularian Oikopleura dioica: culture, genome,
and cell lineages. Dev. Growth Differ. 50(Suppl. 1),
$239-5256. (doi:10.1111/j.1440-169X.2008.
01035.x)

Tsagkogeorga G et al. 2009 An updated 185 rRNA
phylogeny of tunicates based on mixture and
secondary structure models. BMC Evol. Biol. 9, 187.
(doi:10.1186/1471-2148-9-187)

Wada H. 1998 Evolutionary history of free-
swimming and sessile lifestyles in urochordates as
deduced from 185 rDNA molecular phylogeny. Mol.
Biol. Evol. 15, 1189—1194. (doi:10.1093/
oxfordjournals.molbev.a026026)

Piette J, Lemaire P. 2015 Thaliaceans, the neglected
pelagic relatives of Ascidians: a developmental and
evolutionary enigma. Q. Rev. Biol. 90, 117—-145.
(doiz10.1086/681440)

Chen J-Y. 2009 The sudden appearance of diverse
animal body plans during the Cambrian explosion.
Int. J. Dev. Biol. 53, 733—751. (doi:10.1387/ijdb.
072513¢))

Stach T, Turbeville JM. 2002 Phylogeny of Tunicata
inferred from molecular and morphological
characters. Mol. Phylogenet. Evol. 25, 408—428.
(doi:10.1016/51055-7903(02)00305-6)

Satoh N. 2009 An advanced filter-feeder hypothesis
for urochordate evolution. Zool. Sci. 26, 97-111.
(doi:10.2108/z5).26.97)

Gompel N, Prud’homme B. 2009 The causes of
repeated genetic evolution. Dev. Biol. 332, 36—47.
(doi:10.1016/j.ydbio.2009.04.040)

Bishop (D et al. 2006 What is metamorphosis?
Integr. Comp. Biol. 46, 655—661. (d0i:10.1093/ich/
il004)

Stach T, Winter J, Bouquet J-MM, Chourrout D,
Schnabel R. 2008 Embryology of a planktonic

30.

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

Authors” contributions. P.L. and J.P. wrote the manuscript.

Competing interests. We declare we have no competing interests.
Funding. This work was supported by the Centre National de la
Recherche Scientifique, 1'Université de Montpellier, the Agence
Nationale de la Recherche (Contract ANR-13-BSV2-0011-01) and by
a ‘Coup d’élan’ prize from the Fondation Schueller-Bettencourt.
The authors are members of CNRS.

tunicate reveals traces of sessility. Proc. Natl Acad.
Sdi. USA 105, 7229-7234. (doi:10.1073/pnas.
0710196105)

Williams J. 1996 Sessile lifestyle and origin of
chordates. N. Zeal. J. Zool. 23, 111-133. (doi:10.
1080/03014223.1996.9518072)

Brewin Bl. 1956 The development of a viviparous
compound ascidian. Q. J. Microsc. Sci. 97, 435-454.
Berrill NJ. 1935 Studies in tunicate development.
Part IIl. Differential retardation and acceleration.
Phil. Trans. R. Soc. Lond. B 225, 255-326. (doi:10.
1098/rsth.1935.0013)

Castle WE. 1894 On the cell lineage of the
ascidian egg. A preliminary notice. Proc. Am.
Acad. Arts Sci. 30, 200—214, 216. (doi:10.2307/
20020588)

Sasakura Y, Nakashima K, Awazu S, Matsuoka T,
Nakayama A, Azuma J. 2005 Transposon-mediated
insertional mutagenesis revealed the functions of
animal cellulose synthase in the ascidian Ciona
intestinalis. Proc. Natl Acad. Sci. USA 102, 15 134—
15 139. (doi:10.1073/pnas.0503640102)

Hirose E, Kimura S, Itoh T, Nishikawa J. 1999 Tunic
morphology and cellulosic components of
pyrosomas, doliolids, and salps (Thaliacea,
Urochordata). Biol. Bull. MBL 196, 113—120.
(doi:10.2307/1543173)

Hadfield KA, Swalla BJ, Jeffery WR. 1995 Multiple
origins of anural development in ascidians inferred
from rDNA sequences. J. Mol. Evol. 40, 413—427.
(doi:10.1007/BF00164028)

Jeffery WR, Swalla BJ, Ewing N, Kusakabe T. 1999
Evolution of the ascidian anural larva: evidence from
embryos and molecules. Mol. Biol. Evol. 16, 646—
654. (doi:10.1093/oxfordjournals.molbev.a026147)
Swalla BJ, Jeffery WR. 1996 Requirement of the
Manx gene for expression of chordate features in a
tailless ascidian larva. Science 274, 1205—1208.
(doi:10.1126/science.274.5290.1205)

Huxley TH. 1851 Upon animal individuality.

Proc. R. Inst. i, 184—189.

Leuckart R. 1851 Ueber den Polymorphismus der
Individuen oder die Erscheinungen der
Arbeitstheilung in der Natur. Giessen, Germany:

J. Ricker'sche Buchhandlung.

Brooks WK. 1976 A remarkably life history and its
meaning. Am. Nat. 10, 641—656. (doi:10.1086/
271767)

Huxley JS. 1912 The individual in the animal
kingdom. Cambridge, UK: Cambridge University
Press.

€60051 :§ ‘o9 uadp  baobuiysigndfranosiedosqosi H


http://dx.doi.org/10.1098/rstl.1851.0027
http://dx.doi.org/10.1098/rstl.1851.0027
http://dx.doi.org/10.1098/rstl.1851.0028
http://dx.doi.org/10.1098/rstl.1851.0028
http://dx.doi.org/10.1098/rspb.2014.1729
http://dx.doi.org/10.1098/rspb.2014.1729
http://dx.doi.org/10.1080/03745485609495660
http://dx.doi.org/10.1080/03745485609495660
http://dx.doi.org/10.1111/j.1440-169X.2008.01035.x
http://dx.doi.org/10.1111/j.1440-169X.2008.01035.x
http://dx.doi.org/10.1186/1471-2148-9-187
http://dx.doi.org/10.1093/oxfordjournals.molbev.a026026
http://dx.doi.org/10.1093/oxfordjournals.molbev.a026026
http://dx.doi.org/10.1086/681440
http://dx.doi.org/10.1387/ijdb.072513cj
http://dx.doi.org/10.1387/ijdb.072513cj
http://dx.doi.org/10.1016/S1055-7903(02)00305-6
http://dx.doi.org/10.2108/zsj.26.97
http://dx.doi.org/10.1016/j.ydbio.2009.04.040
http://dx.doi.org/10.1093/icb/icl004
http://dx.doi.org/10.1093/icb/icl004
http://dx.doi.org/10.1073/pnas.0710196105
http://dx.doi.org/10.1073/pnas.0710196105
http://dx.doi.org/10.1080/03014223.1996.9518072
http://dx.doi.org/10.1080/03014223.1996.9518072
http://dx.doi.org/10.1098/rstb.1935.0013
http://dx.doi.org/10.1098/rstb.1935.0013
http://dx.doi.org/10.2307/20020588
http://dx.doi.org/10.2307/20020588
http://dx.doi.org/10.1073/pnas.0503640102
http://dx.doi.org/10.2307/1543173
http://dx.doi.org/10.1007/BF00164028
http://dx.doi.org/10.1093/oxfordjournals.molbev.a026147
http://dx.doi.org/10.1126/science.274.5290.1205
http://dx.doi.org/10.1086/271767
http://dx.doi.org/10.1086/271767

43.

4,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Martens J. 2010 Organisms in evolution. Hist. Phil.
Life Sci. 32, 373—-400.

Von Baer KE. 1827 De Ovi Mammalium et Homiinis
genesi. Epistolam ad Academiam Imperialem
Scientarum Petropolitanam. Leipzig, Germany:
Leopold Voss.

Kowalevsky A. 1866 Entwickelungsgeschichte der
Einfachen Ascidien. Mémoires I'Académie Impériale
des Sci St-Pétersbourg, Vilé Série. 10, 1-16.
Delsuc F, Brinkmann H, Chourrout D, Philippe H.
2006 Tunicates and not cephalochordates are the
closest living relatives of vertebrates. Nature 439,
965-968. (doi:10.1038/nature04336)

Stach T. 2008 Chordate phylogeny and evolution: a
not so simple three-taxon problem. J. Zool. 276,
117-141. (doi:10.1111/j.1469-7998.2008.00497.x)
Satoh N, Tagawa K, Takahashi H. 2012 How was the
notochord born? Evol. Dev. 14, 56—75.

Veeman MT, Newman-Smith E, El-Nachef D, Smith
WC. 2010 The ascidian mouth opening is derived
from the anterior neuropore: reassessing the
mouth/neural tube relationship in chordate
evolution. Dev. Biol. 344, 138—149. (doi:10.1016/j.
ydbio.2010.04.028)

Bassham S, Postlethwait JH. 2005 The evolutionary
history of placodes: a molecular genetic
investigation of the larvacean urochordate
Oikopleura dioica. Development 132, 4259—-4272.
(doi:10.1242/dev.01973)

Mazet F, Hutt JA, Milloz J, Millard J, Graham A,
Shimeld SM. 2005 Molecular evidence from Ciona
intestinalis for the evolutionary origin of vertebrate
sensory placodes. Dev. Biol. 282, 494—508. (doi:10.
1016/j.ydbi0.2005.02.021)

Abitua PB, Wagner E, Navarrete IA, Levine M. 2012
Identification of a rudimentary neural crest in a
non-vertebrate chordate. Nature 492, 104—107.
(doi:10.1038/nature11589)

Stolfi A, Gainous TB, Young JJ, Mori A, Levine M,
Christiaen L. 2010 Early chordate origins of the
vertebrate second heart field. Science 329,
565—568. (doi:10.1126/science.1190181)

Dehal P et al. 2002 The draft genome of Ciona
intestinalis: insights into chordate and vertebrate
origins. Science 298, 2157-2167. (doi:10.1126/
science.1080049)

lkuta T, Saiga H. 2005 Organization of Hox genes in
ascidians: present, past, and future. Dev. Dyn. 233,
382-389. (doi:10.1002/dvdy.20374)

Vandenberghe AE, Meedel TH, Hastings KEM. 2001
mRNA 5'-leader trans-splicing in the chordates.
Genes Dev. Cold Spring Harb. Lab 15, 294-303.
(doi:10.1101/gad.865401)

Holland L et al. 2008 The amphioxus genome
illuminates vertebrate origins and cephalochordate
biology. Genome Res. 18, 1100—1111. (doi:10.
1101/9r.073676.107)

Sanges R et al. 2013 Highly conserved elements
discovered in vertebrates are present in non-
syntenic loci of tunicates, act as enhancers and can
be transcribed during development. Nucleic

Acids Res. 41, 3600—3618. (doi:10.1093/nar/
gkt030)

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

7.

72.

73.

Shimeld SM, Purkiss AG, Dirks RPH, Bateman OA,
Slingsby C, Lubsen NH. 2005 Urochordate B-y-
arystallin and the evolutionary origin of the
vertebrate eye lens. Curr. Biol. 15, 1684—1689.
(doiz10.1016/j.cub.2005.08.046)

Hufton AL, Mathia S, Braun H, Georgi U, Lehrach H,
Vingron M, Poustka AJ, Panopoulou G. 2009 Deeply
conserved chordate noncoding sequences preserve
genome synteny but do not drive gene duplicate
retention. Genome Res. 19, 2036—2051. (doi:10.
1101/gr.093237.109)

Denoeud F et al. 2010 Plasticity of animal genome
architecture unmasked by rapid evolution of a
pelagic tunicate. Science 330, 1381—1385. (doi:10.
1126/science.1194167)

lkuta T, Satoh N, Saiga H. 2010 Limited functions of
Hox genes in the larval development of the ascidian
Giona intestinalis. Development 137, 1505—1513.
(doi:10.1242/dev.046938)

Imai KS, Hino K, Yagi K, Satoh N, Satou Y. 2004
Gene expression profiles of transcription factors and
signaling molecules in the ascidian embryo: towards
a comprehensive understanding of gene networks.
Development 131, 4047 —4058. (doi:10.1242/
dev.01270)

Davidson B. 2008 Ciona intestinalis as a model for
cardiac development. Semin. Cell Dev. Biol. 18, 16—
26. (doi:10.1016/j.semcdb.2006.12.007)

Hudson C, Yasuo H. 2008 Similarity and diversity in
mechanisms of muscle fate induction between
ascidian species. Biol. Cell 100, 265—277. (doi:10.
1042/BC20070144)

Stolfi A, Lowe E, Racioppi C, Ristoratore F. 2014
Divergent mechanisms regulate conserved
cardiopharyngeal development and gene expression
in distantly related ascidians. Elife 3, e03728.
(doi:10.7554/eLife.03728)

Stolfi A, Levine M. 2011 Neuronal subtype
specification in the spinal cord of a protovertebrate.
Development 138, 995—1004. (doi:10.1242/dev.
061507)

Hudson C, Ba M, Rouviere C, Yasuo H. 2011
Divergent mechanisms specify chordate
motoneurons: evidence from ascidians. Development
138, 1643—1652. (doi:10.1242/dev.055426)

Sobral D, Tassy 0, Lemaire P. 2009 Highly divergent
gene expression programs can lead to similar
chordate larval body plans. Curr. Biol. 19,
2014-2019. (doi:10.1016/j.cub.2009.10.036)
Vinson JP et al. 2005 Assembly of polymorphic
genomes: algorithms and application to Ciona
savignyi. Genome Res. 15, 1127—1135. (doi:10.
1101/gr.3722605)

Voskoboynik A et al. 2013 The genome sequence of
the colonial chordate, Botryllus schlosseri. Elife 2,
00569. (doi:10.7554/eLife.00569)

Corbo JC, Levine M, Zeller RW. 1997 Characterization
of a notochord-specific enhancer from the Brachyury
promoter region of the ascidian, Ciona intestinalis.
Development 124, 589—602.

Yamada L, Shoguchi E, Wada S, Kobayashi K,
Mochizuki Y, Satou Y, Satoh N. 2003 Morpholino-
based gene knockdown screen of novel genes with

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

developmental function in Giona intestinalis.
Development 130, 6485—6495. (doi:10.1242/
dev.00847)

Treen N, Yoshida K, Sakuma T, Sasaki H, Kawai N,
Yamamoto T, Sasakura Y. 2014 Tissue-specific and
ubiquitous gene knockouts by TALEN electroporation
provide new approaches to investigating gene
function in Ciona. Development 141, 481—487.
(doi:10.1242/dev.099572)

Stolfi A, Gandhi S, Salek F, Christiaen L. 2014
Tissue-specific genome editing in Ciona embryos by
CRISPR/Cas9. Development 141, 4115—4120.
(doi:10.1242/dev.114488)

Imai KS, Levine M, Satoh N, Satou Y. 2006
Regulatory blueprint for a chordate embryo. Science
312, 1183-1187. (doi:10.1126/science.1123404)
Peter IS, Davidson EH. 2011 A gene regulatory
network controlling the embryonic specification of
endoderm. Nature 474, 635-639. (doi:10.1038/
nature10100)

Buenrostro JD, Giresi PG, Zaba LC, Chang HY,
Greenleaf WJ. 2013 Transposition of native
chromatin for fast and sensitive epigenomic
profiling of open chromatin, DNA-binding proteins
and nucleosome position. Nat. Methods 10,
1213-1218. (doi:10.1038/nmeth.2688)
Patwardhan RP et al. 2012 Massively parallel
functional dissection of mammalian enhancers in
vivo. Nat. Biotechnol. 30, 265-270. (doi:10.1038/
nbt.2136)

Segal E, Widom J. 2009 From DNA sequence to
transcriptional behaviour: a quantitative approach.
Nat. Rev. Genet. 10, 443 —456. (doi:10.1038/
nrg2591)

Tassy 0, Daian F, Hudson C, Bertrand V, Lemaire P.
2006 A quantitative approach to the study of cell
shapes and interactions during early chordate
embryogenesis. Curr. Biol. 16, 345—358. (doi:10.
1016/j.cub.2005.12.044)

Hotta K, Mitsuhara K, Takahashi H, Inaba K, Oka K,
Gojobori T, lkeo K. 2007 A web-based interactive
developmental table for the ascidian Ciona
intestinalis, including 3D real-image embryo
reconstructions: . From fertilized egg to hatching
larva. Dev. Dyn. 236, 1790—1805. (doi:10.1002/
dvdy.21188)

Veeman MT, Smith WC. 2013 Whole-organ cell
shape analysis reveals the developmental basis of
ascidian notochord taper. Dev. Biol. 373, 281—289.
(doi:10.1016/.ydbi0.2012.11.009)

Sherrard K, Robin F, Lemaire P, Munro E. 2010
Sequential activation of apical and basolateral
contractility drives ascidian endoderm invagination.
Curr. Biol. 20, 1499-1510. (d0i:10.1016/j.cub.2010.
06.075)

Tomer R, Khairy K, Keller PJ. 2011 Shedding light
on the system: studying embryonic development
with light sheet microscopy. Curr. Opin. Genet. Dev.
21, 558-565. (doi:10.1016/j.gde.2011.07.003)
Krzic U, Gunther S, Saunders TE, Streichan SJ,
Hufnagel L. 2012 Multiview light-sheet microscope
for rapid in toto imaging. Nat. Methods 9,
730-733. (doi:10.1038/nmeth.2064)

€60051 :§ ‘o9 uadp  baobuiysigndfranosiedosqosi


http://dx.doi.org/10.1038/nature04336
http://dx.doi.org/10.1111/j.1469-7998.2008.00497.x
http://dx.doi.org/10.1016/j.ydbio.2010.04.028
http://dx.doi.org/10.1016/j.ydbio.2010.04.028
http://dx.doi.org/10.1242/dev.01973
http://dx.doi.org/10.1016/j.ydbio.2005.02.021
http://dx.doi.org/10.1016/j.ydbio.2005.02.021
http://dx.doi.org/10.1038/nature11589
http://dx.doi.org/10.1126/science.1190181
http://dx.doi.org/10.1126/science.1080049
http://dx.doi.org/10.1126/science.1080049
http://dx.doi.org/10.1002/dvdy.20374
http://dx.doi.org/10.1101/gad.865401
http://dx.doi.org/10.1101/gr.073676.107
http://dx.doi.org/10.1101/gr.073676.107
http://dx.doi.org/10.1093/nar/gkt030
http://dx.doi.org/10.1093/nar/gkt030
http://dx.doi.org/10.1016/j.cub.2005.08.046
http://dx.doi.org/10.1101/gr.093237.109
http://dx.doi.org/10.1101/gr.093237.109
http://dx.doi.org/10.1126/science.1194167
http://dx.doi.org/10.1126/science.1194167
http://dx.doi.org/10.1242/dev.046938
http://dx.doi.org/10.1242/dev.01270
http://dx.doi.org/10.1242/dev.01270
http://dx.doi.org/10.1016/j.semcdb.2006.12.007
http://dx.doi.org/10.1042/BC20070144
http://dx.doi.org/10.1042/BC20070144
http://dx.doi.org/10.7554/eLife.03728
http://dx.doi.org/10.1242/dev.061507
http://dx.doi.org/10.1242/dev.061507
http://dx.doi.org/10.1242/dev.055426
http://dx.doi.org/10.1016/j.cub.2009.10.036
http://dx.doi.org/10.1101/gr.3722605
http://dx.doi.org/10.1101/gr.3722605
http://dx.doi.org/10.7554/eLife.00569
http://dx.doi.org/10.1242/dev.00847
http://dx.doi.org/10.1242/dev.00847
http://dx.doi.org/10.1242/dev.099572
http://dx.doi.org/10.1242/dev.114488
http://dx.doi.org/10.1126/science.1123404
http://dx.doi.org/10.1038/nature10100
http://dx.doi.org/10.1038/nature10100
http://dx.doi.org/10.1038/nmeth.2688
http://dx.doi.org/10.1038/nbt.2136
http://dx.doi.org/10.1038/nbt.2136
http://dx.doi.org/10.1038/nrg2591
http://dx.doi.org/10.1038/nrg2591
http://dx.doi.org/10.1016/j.cub.2005.12.044
http://dx.doi.org/10.1016/j.cub.2005.12.044
http://dx.doi.org/10.1002/dvdy.21188
http://dx.doi.org/10.1002/dvdy.21188
http://dx.doi.org/10.1016/j.ydbio.2012.11.009
http://dx.doi.org/10.1016/j.cub.2010.06.075
http://dx.doi.org/10.1016/j.cub.2010.06.075
http://dx.doi.org/10.1016/j.gde.2011.07.003
http://dx.doi.org/10.1038/nmeth.2064

87.

88.

89.

90.

9.

92.

93.

94.

9.

96.

97.

9.

99.

100.

Moore JL, Du Z, Bao Z. 2013 Systematic
quantification of developmental phenotypes at
single-cell resolution during embryogenesis.
Development 140, 3266 —3274. (doi:10.1242/
dev.096040)

Amat F, Lemon W, Mossing DP, McDole K, Wan Y,
Branson K, Myers EW, Keller PJ. 2014 Fast, accurate
reconstruction of cell lineages from large-scale
fluorescence microscopy data. Nat. Methods 11,
951-958. (doi:10.1038/nmeth.3036)

Du Z, Santella A, He F, Tiongson M, Bao Z. 2014 De
novo inference of systems-level mechanistic models
of development from live-imaging-based phenotype
analysis. Cell 156, 359—372. (doi:10.1016/j.cell.
2013.11.046)

Lemaire P. 2011 Evolutionary crossroads in
developmental biology: the tunicates. Development
138, 2143-2152. (doi:10.1242/dev.048975)

Tiozzo S, De Tomaso AW. 2011 Functional analysis
of Pitx during asexual regeneration in a basal
chordate. Evol. Dev. 11, 152—-162. (doi:10.1111/j.
1525-142X.2009.00316.%)

Brown FD, Swalla BJ. 2012 Evolution and
development of budding by stem cells: ascidian
coloniality as a case study. Dev. Biol. 369,
151-162. (doi:10.1016/j.ydbi0.2012.05.038)
Bancroft FW. 1903 Variation and fusion of colonies
in compound ascidians. Proc. Calif. Acad. Sci. 3,
137-186.

Gasparini F, Degasperi V, Shimeld SM, Burighel P,
Manni L. 2013 Evolutionary conservation of the
placodal transcriptional network during sexual and
asexual development in chordates. Dev. Dyn. 242,
752-766. (doi:10.1002/dvdy.23957)

Voskoboynik A et al. 2013 Identification of a
colonial chordate histocompatibility gene.

Science 341, 384-387. (doi:10.1126/science.
1238036)

Berna L, Alvarez-valin F. 2014 Evolutionary
genomics of fast evolving tunicates. Genome Biol.
Evol. 6, 1724—1738. (doi:10.1093/ghe/evu122)
Omotezako T, Nishino A, Onuma TA, Nishida H. 2013
RNA interference in the appendicularian Oikopleura
dioica reveals the function of the Brachyury gene.
Dev. Genes Evol. 223, 261-267. (doi:10.1007/
500427-013-0438-8)

Yokobori S, Oshima T, Wada H. 2005 Complete
nucleotide sequence of the mitochondrial genome
of Doliolum nationalis with implications for
evolution of urochordates. Mol. Phylogenet. Evol.
34, 273-283. (doi:10.1016/j.ympev.2004.10.002)
Virata MJ, Zeller RW. 2010 Ascidians: an
invertebrate chordate model to study Alzheimer's
disease pathogenesis. Dis. Model Mech. 3,
377-385. (doi:10.1242/dmm.003434)

Wagner A. 2008 Neutralism and selectionism: a
network-based reconciliation. Nat. Rev. Genet. 9,
965—974. (doi:10.1038/nrg2473)

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

m.

12

13.

4.

115.

Pigliucci M. 2009 An extended synthesis for
evolutionary biology. Ann. NY Acad. Sci. 1168,
218-228. (doi:10.1111/j.1749-6632.2009.04578.x)
Huxley TH. 1860 [Review of] The origin of Species.
Westminster Rev. 17, 541-570.

Eldredge N, Gould SJ. 1972 Punctuated equilibria:
an alternative to phyletic gradualism. In Models in
paleabiology (ed. T Schopf), pp. 82—115.

San Francisco, CA: Freeman Cooper.

Zhu M, Yu X, Lu J, Qiao T, Zhao W, Jia L. 2012
Earliest known coelacanth skull extends the range of
anatomically modern coelacanths to the Early
Devonian. Nat. Commun. 3, 772. (doi:10.1038/
ncomms1764)

Fisher D. 1984 The Xiphosurida: archetypes of
Bradytely? Living fossils casebooks in Earth sciences,
pp. 196-213. New York, NY: Springer.

Lehtonen T, Kautt A, Harrod C, Meyer A. 2010 Rapid
sympatric ecological differentiation of crater lake
cichlid fishes within historic times. BMC Biol. 8, 60.
(doi:10.1186/1741-7007-8-60)

Chan YF et al. 2010 Adaptive evolution of pelvic
reduction of a Pitx1 enhancer. Science 327,
302-305. (doi:10.1126/science.1182213)

Stern DL. 2000 Evolutionary developmental hiology
and the problem of variation. Evolution 54, 1079—
1091. (doi:10.1111/j.0014-3820.2000.tb00544.x)
Lemaire P. 2009 Unfolding a chordate
developmental program, one cell at a time:
invariant cell lineages, short-range inductions and
evolutionary plasticity in ascidians. Dev. Biol. 332,
48-60. (doi:10.1016/j.ydbi0.2009.05.540)
Amemiya (T et al. 2013 The African coelacanth
genome provides insights into tetrapod evolution.
Nature 496, 311-316. (doi:10.1038/nature12027)
Brawand D et al. 2014 The genomic substrate for
adaptive radiation in African cichlid fish. Nature
513, 375-381. (doi:10.1038/nature13726)

Kugler JE, Kerner P, Bouquet J-M, Jiang D, Di
Gregorio A. 2011 Evolutionary changes in the
notochord genetic toolkit: a comparative analysis of
notochord genes in the ascidian Ciona and the
larvacean Oikopleura. BMC Evol. Biol. 11, 21.
(doi:10.1186/1471-2148-11-21)

Matsuoka T, lkeda T, Fujimaki K, Satou Y. 2013
Transcriptome dynamics in early embryos of the
ascidian, Ciona intestinalis. Dev. Biol. 384,
375-385. (doi:10.1016/j.ydbi0.2013.10.003)
Oda-Ishii I, Bertrand V, Matsuo I, Lemaire P,

Saiga H. 2005 Making very similar embryos with
divergent genomes: conservation of regulatory
mechanisms of Otx between the ascidians Halogynthia
roretzi and Ciona intestinalis. Development 132,

1663 —1674. (doi:10.1242/dev.01707)

Roure A, Lemaire P, Darras S. 2014 An otx/nodal
regulatory signature for posterior neural
development in ascidians. PLoS Genet. 10,
1004548. (doi:10.1371/journal.pgen.1004548)

16.

n7.

18.

9.

120.

121.

122.

123.

124.

125.

126.

127.

Hare EE, Peterson BK, lyer VN, Meier R, Eisen MB. m

2008 Sepsid even-skipped enhancers are
functionally conserved in Drosophila despite lack of
sequence conservation. PLoS Genet. 4, 1000106.
(doi:10.1371/journal.pgen.1000106)

Weirauch MT, Hughes TR. 2010 Conserved
expression without conserved regulatory sequence:
the more things change, the more they stay the
same. Trends Genet. 26, 66—74. (doi:10.1016/.tig.
2009.12.002)

Takahashi H, Mitani Y, Satoh G, Satoh N.

1999 Evolutionary alterations of the minimal
promoter for notochord-specific Brachyury
expression in ascidian embryos. Development

126, 3725-3734.

True JR, Haag ES. 2001 Developmental system drift
and flexibility in evolutionary trajectories. Evol. Dev.
3, 109-119. (doi:10.1046/j.1525-142x.2001.
003002109.x)

Lynch VJ. 2009 Use with caution:

developmental systems divergence and potential
pitfalls of animal models. Yale J. Biol. Med. 82,
53— 66.

Abdul-Wajid S, Veeman MT, Chiba S, Turner TL,
Smith WC. 2014 Exploiting the extraordinary
genetic polymorphism of Ciona for developmental
genetics with whole genome sequencing.

Genetics 197, 49—59. (doi:10.1534/genetics.
114.161778)

Cutter AD, Jovelin R, Dey A. 2013 Molecular
hyperdiversity and evolution in very large
populations. Mol. Ecol. 22, 2074—2095. (doi:10.
1111/mec.12281)

Tsagkogeorga G, Cahais V, Galtier N. 2012 The
population genomics of a fast evolver: high levels of
diversity, functional constraint, and molecular
adaptation in the tunicate Ciona intestinalis.
Genome Biol. Evol. 4, 740—749. (doi:10.1093/gbe/
evs054)

Jeffery WR. 1997 Evolution of ascidian
development. Bioscience 47, 417—425. (doi:10.
2307/1313057)

Caputi L, Andreakis N, Mastrototaro F, Cirino P,
Vassillo M, Sordino P. 2007 Cryptic speciation

in a model invertebrate chordate. Proc. Natl Acad.
Sci. USA 104, 9364—9369. (doi:10.1073/pnas.
0610158104)

Roux C, Tsagkogeorga G, Bieme N, Galtier N. 2013
Crossing the species barrier: genomic hotspots of
introgression between two highly divergent Ciona
intestinalis species. Mol. Biol. Evol. 30, 1574—1587.
(doi:10.1093/molbev/mst066)

Pennati R et al. 2015 Morphological

differences between larvae of the Ciona
intestinalis species complex: hints for a

valid taxonomic definition of distinct species. PLoS
ONE 10, €0122879. (doi:10.1371/journal.pone.
0122879)

€60051 :§ ‘o9 uadp  baobuiysigndfranosiedosqosi


http://dx.doi.org/10.1242/dev.096040
http://dx.doi.org/10.1242/dev.096040
http://dx.doi.org/10.1038/nmeth.3036
http://dx.doi.org/10.1016/j.cell.2013.11.046
http://dx.doi.org/10.1016/j.cell.2013.11.046
http://dx.doi.org/10.1242/dev.048975
http://dx.doi.org/10.1111/j.1525-142X.2009.00316.x
http://dx.doi.org/10.1111/j.1525-142X.2009.00316.x
http://dx.doi.org/10.1016/j.ydbio.2012.05.038
http://dx.doi.org/10.1002/dvdy.23957
http://dx.doi.org/10.1126/science.1238036
http://dx.doi.org/10.1126/science.1238036
http://dx.doi.org/10.1093/gbe/evu122
http://dx.doi.org/10.1007/s00427-013-0438-8
http://dx.doi.org/10.1007/s00427-013-0438-8
http://dx.doi.org/10.1016/j.ympev.2004.10.002
http://dx.doi.org/10.1242/dmm.003434
http://dx.doi.org/10.1038/nrg2473
http://dx.doi.org/10.1111/j.1749-6632.2009.04578.x
http://dx.doi.org/10.1038/ncomms1764
http://dx.doi.org/10.1038/ncomms1764
http://dx.doi.org/10.1186/1741-7007-8-60
http://dx.doi.org/10.1126/science.1182213
http://dx.doi.org/10.1111/j.0014-3820.2000.tb00544.x
http://dx.doi.org/10.1016/j.ydbio.2009.05.540
http://dx.doi.org/10.1038/nature12027
http://dx.doi.org/10.1038/nature13726
http://dx.doi.org/10.1186/1471-2148-11-21
http://dx.doi.org/10.1016/j.ydbio.2013.10.003
http://dx.doi.org/10.1242/dev.01707
http://dx.doi.org/10.1371/journal.pgen.1004548
http://dx.doi.org/10.1371/journal.pgen.1000106
http://dx.doi.org/10.1016/j.tig.2009.12.002
http://dx.doi.org/10.1016/j.tig.2009.12.002
http://dx.doi.org/10.1046/j.1525-142x.2001.003002109.x
http://dx.doi.org/10.1046/j.1525-142x.2001.003002109.x
http://dx.doi.org/10.1534/genetics.114.161778
http://dx.doi.org/10.1534/genetics.114.161778
http://dx.doi.org/10.1111/mec.12281
http://dx.doi.org/10.1111/mec.12281
http://dx.doi.org/10.1093/gbe/evs054
http://dx.doi.org/10.1093/gbe/evs054
http://dx.doi.org/10.2307/1313057
http://dx.doi.org/10.2307/1313057
http://dx.doi.org/10.1073/pnas.0610158104
http://dx.doi.org/10.1073/pnas.0610158104
http://dx.doi.org/10.1093/molbev/mst066
http://dx.doi.org/10.1371/journal.pone.0122879
http://dx.doi.org/10.1371/journal.pone.0122879

	Tunicates: exploring the sea shores and roaming the open ocean. A tribute to Thomas Huxley
	Introduction
	Classifying nature and the origin of species: tunicate phylogeny, then and now
	Thaliaceans or how to radically change lifestyle and morphology
	The salp life cycle and a new definition of individuality
	Relationships between tunicates and vertebrates
	Tunicates at the beginning of the twenty-first century: bridging DNA sequence and tissue morphogenesis
	Tunicates as models of animal evolution and developmental systems drift
	Concluding remarks
	Authors’ contributions
	Competing interests
	Funding
	References


