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 The evolution of life on Earth has fascinated mankind for many centuries. 
Accordingly, research into reconstructing the mechanisms that have led to the 
vast morphological diversity of extant and fossil organisms and their evolu-
tion from a common ancestor has a long and vivid history. Thereby, the era 
spanning the nineteenth and early twentieth century marked a particularly 
groundbreaking period for evolutionary biology, when leading naturalists and 
embryologists of the time such as Karl Ernst von Baer (1792–1876), Charles 
Darwin (1809–1882), Ernst Haeckel (1834–1919), and Berthold Hatschek 
(1854–1941) realized that comparing ontogenetic processes between species 
offers a unique window into their evolutionary history. This revelation lay the 
foundation for a research fi eld today commonly known as Evolutionary 
Developmental Biology, or, briefl y, EvoDevo. 

 While for many of today’s EvoDevo scientists the principle motivation for 
studying animal development is still in reconstructing evolutionary scenarios, 
the analytical means of data generation have radically changed over the cen-
turies. The past two decades in particular have seen dramatic innovations 
with the routine establishment of powerful research techniques using micro-
morphological and molecular tools, thus enabling investigation of animal 
development on a broad, comparative level. At the same time, methods were 
developed to specifi cally assess gene function using reverse genetics, and at 
least some of these techniques are likely to be established for a growing num-
ber of so-called emerging model systems in the not too distant future. With 
this pool of diverse methods at hand, the amount of comparative data on 
invertebrate development has skyrocketed in the past years, making it increas-
ingly diffi cult for the individual scientist to keep track of what is known and 
what remains unknown for the various animal groups, thereby also impeding 
teaching of state-of-the-art Evolutionary Developmental Biology. Thus, it 
appears that the time is right to summarize our knowledge on invertebrate 
development, both from the classical literature and from ongoing scientifi c 
work, in a treatise devoted to EvoDevo. 

  Evolutionary Developmental Biology of Invertebrates aims at providing 
an overview as broad as possible. The authors, all renowned experts in the 
fi eld, have put particular effort into presenting the current state of knowl-
edge as comprehensively as possible, carefully weighing conciseness 
against level of detail. For issues not covered in depth here, the reader may 
consult additional textbooks, review articles, or web-based resources, 
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 particularly on  well- established model systems such as  Caenorhabditis 
elegans  (  www.wormbase.org    ) or  Drosophila melanogaster  (  www.fl ybase.org    ) . 

  Evolutionary Developmental Biology of Invertebrates is designed such 
that each chapter can stand alone, and most chapters are dedicated to one 
phylum or phylum-like taxonomic unit. The main exceptions are the hexa-
pods and the crustaceans. Due to the vast amount of data available, these 
groups are treated in their own volume each (Volume 4 and Volume 5, respec-
tively), which differ in their conceptual setups from the other four volumes. 
In addition to the taxon-based parts, chapters on embryos in the fossil record, 
homology in the age of genomics, and the relevance of EvoDevo for recon-
structing evolutionary and phylogenetic scenarios are included in Volume 
1 in order to provide the reader with broader perspectives of modern- day 
EvoDevo. A chapter showcasing developmental mechanisms during regen-
eration is part of Volume 2 . 

  Evolutionary Developmental Biology of Invertebrates aims at scientists 
that are interested in a broad comparative view of what is known in the fi eld 
but is also directed toward the advanced student with a particular interest in 
EvoDevo research. While it may not come in classical textbook style, it is my 
hope that this work, or parts of it, fi nds its way into the classrooms where 
Evolutionary Developmental Biology is taught today. Bullet points at the end 
of each chapter highlight open scientifi c questions and may help to inspire 
future research into various areas of Comparative Evolutionary Developmental 
Biology . 

 I am deeply grateful to all the contributing authors that made  Evolutionary 
Developmental Biology of Invertebrates  possible by sharing their knowledge 
on animal ontogeny and its underlying mechanisms. I warmly thank Marion 
Hüffel for invaluable editorial assistance from the earliest stages of this proj-
ect until its publication and Brigitte Baldrian for the chapter vignette artwork. 
The publisher, Springer, is thanked for allowing a maximum of freedom dur-
ing planning and implementation of this project and the University of Vienna 
for providing me with a scientifi c home to pursue my work on small, little- 
known creatures. 

 This volume is dedicated to the Deuterostomia, comprising the 
Echinodermata and Hemichordata (usually united as Ambulacraria) as well 
as the Cephalochordata and the Tunicata.  

  Tulbingerkogel, Austria     Andreas     Wanninger   
  January 2015 

Preface

http://www.wormbase.org/
http://www.flybase.org/


vii

  Contents 

1 Echinodermata  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
Maria Ina Arnone, Maria Byrne, and Pedro Martinez

2 Hemichordata  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
Sabrina Kaul-Strehlow and Eric Röttinger

3 Cephalochordata . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
Linda Z. Holland

4 Tunicata . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
Alberto Stolfi  and Federico D. Brown

Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 205



1A. Wanninger (ed.), Evolutionary Developmental Biology of Invertebrates 6: Deuterostomia
DOI 10.1007/978-3-7091-1856-6_1, © Springer-Verlag Wien 2015

        M.  I.   Arnone      
  Stazione Zoologica Anton Dohrn , 
  Villa Comunale ,  Napoli   80121 ,  Italy   
 e-mail: miarnone@szn.it   

    M.   Byrne      
  Schools of Medical and Biological Sciences , 
 University of Sydney ,   Sydney ,  NSW   2006 ,  Australia   
 e-mail: mbyrne@anatomy.usyd.edu.au   

    P.   Martinez      (*) 
  Departament de Genètica ,  Universitat de Barcelona , 
  Av. Diagonal, 643 ,  Barcelona   08028 ,  Spain    

  ICREA (Institut Català de Recerca i Estudis 
Avancats) ,   Barcelona ,  Spain   
 e-mail: pedro.martinez@ub.edu  

  1

 Chapter vignette artwork by Brigitte Baldrian. 
© Brigitte Baldrian and Andreas Wanninger. 

      Echinodermata 

           Maria     Ina     Arnone     ,     Maria     Byrne     , and     Pedro     Martinez    

               

mailto:miarnone@szn.it
mailto:mbyrne@anatomy.usyd.edu.au
mailto:pedro.martinez@ub.edu


2

       INTRODUCTION 

    The Echinoderm Body Plan 

 Echinoderms are a phylum of invertebrate deu-
terostomes that are morphologically character-
ized by a fi vefold (pentameric) symmetric adult 
body plan. There are fi ve extant subtaxa, 
Crinoidea (e.g., sea lilies and feather stars), 
Asteroidea (e.g., sea stars), Ophiuroidea (e.g., 
brittle stars), Echinoidea (e.g., sea urchins), and 
Holothuroidea (e.g., sea cucumbers) (Fig.  1.1 ). 

Studies of morphology and  molecules (Janies 
et al.  2011 ) demonstrate the existence of two 
higher-order subphylum clades: Pelmatozoa 
(Crinoidea) and Eleutherozoa (the remain-
ing classes). Echinodermata together with 
Hemichordata form the clade Ambulacraria 
(to which some authors add the enigmatic 
Xenacoelomorpha group). This grouping is the 
sister to the Chordata.  

 A series of autapomorphies defi nes the 
Echinodermata, including the pentameral body 
plan and the water vascular system (WVS). The 
WVS derives from the hydrocoel during develop-

  Fig. 1.1    Representatives of the fi ve different classes of 
extant echinoderms.  Left column ,  top  to  bottom : the echi-
noid  Strongylocentrotus purpuratus  (Courtesy of Mattias 
Ormestad), the holothuroid  Parastichopus parvimensis  
(Courtesy of Peter Bryant), and the crinoid  Oxycomanthus 

intermedius  (Courtesy of Hisanori Kohtsuka). The  upper 
right image  shows the asteroid  Patiria miniata  (Courtesy 
of Mattias Ormestad) and the  lower right image  the ophiu-
roid  Amphiura fi liformis  (Courtesy of Anna Czarkwiani 
and Paola Oliveri)       
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ment and consists of a system of fl uid-fi lled 
canals and reservoirs that are used for locomotion 
and internal transport. Generally, the system con-
sists of an oral water ring and fi ve canals, each 
with small side branches to the locomotory tube 
feet and their ampullae. 

 The echinoderm body is formed from radial (= 
ambulacral) and interradial (= interambulacral) 
regions with the side housing the mouth defi ning 
the oral surface and the opposite side the aboral 
surface. The ambulacra    of most echinoderms 
have a radial water canal which gives rise to the 
tube feet. The water vascular system in echinoids, 
asteroids, and ophiuroids opens to the exterior 
through the madreporite: a special skeletal plate 
on the body surface. In crinoids the WVS system 
communicates with the external medium through 
minute pores in the body wall. Holothuroids have 
an isolated WVS system that does not directly 
communicate with the external medium. There 
are a series of small madreporitic plates attached 
to the oral water ring. Overall, the composition of 
the echinoderm coelomic fl uid is similar to that 
of seawater and also includes coelomocytes and 
dissolved proteins. The perivisceral coelom also 
functions as internal transport system. The hemal 
system, a diffuse extracellular matrix, is situated 
between the basal membranes of the epithelia of 
epidermis, coeloms, and gut. 

 The echinoderm endoskeleton is made from 
calcite and the skeletal elements (ossicles, plates, 
or spicules) have a unique porous, lattice-like 
organization called the stereom (another echino-
derm apomorphy). Each element is a crystalline 
unit that develops as a stereomic structure with 
cells (the stroma) fi lling the open spaces. In echi-
noderms where the apposition of the plates is 
tight (e.g., echinoids), the body is rigid, with the 
plates interconnected by connective tissue liga-
ments. In other groups, the plates are more 
loosely associated and embedded in connective 
tissue. Some connective tissue structures are of a 
special type, the so-called “mutable” form, which 
changes their mechanical properties through ner-
vous control (Wilkie  1984 ; Birenheide et al. 
 1998 ; Byrne  2001 ). The skeleton derives from 
the mesoderm and is secreted by mesenchymal 
cells in the embryo. 

 As in other “radially organized” animals, the 
nervous system does not coalesce into an anterior 
centralized structure (e.g., brain). This may allow 
echinoderms to interact with the environment in 
all directions (Yoshimura et al.  2012 ), although 
bilateral tendencies in locomotion are also 
reported (Ji et al.  2012 ). The major nerves are the 
circumoral nerve ring around the esophagus and 
the radial nerves along the ambulacra. The nerves 
are composed of two tissue regions: the outer 
ectoneural and the inner hyponeural system. 
A basement membrane runs between these nerve 
cord regions and neurons connect the two sys-
tems along the cord (Cobb  1995 ; Hoekstra et al. 
 2012 ). The functions of these ecto- and hyponeu-
ral systems are poorly understood. Sensory 
receptors are scattered around the body and are 
restricted to simple epithelial structures inner-
vated by a nerve plexus of the ectoneural system 
(e.g., Hendler and Byrne  1987 ). These receptors 
respond to touch, chemicals, water currents, and 
light (see, e.g., Ullrich-Luter et al.  2011 ). 

 The gut is complete from mouth to anus, 
except where the anus has been lost secondarily 
as in all ophiuroids. No excretory systems have 
been described although the axial organ is usu-
ally interpreted as an excretory (although not 
osmoregulatory) organ. Echinoderms are mostly 
gonochoristic. 

 The origin of the germ cells in development 
has been determined for echinoids, where these 
cells have been identifi ed to express conserved 
specifi c germ line genes – e.g.,  nanos  (Wessel 
et al.  2013 ). The so-called genital rachis – associ-
ated with the hemal system – is thought to be the 
site where the gonads originate from. The gonads 
are distinct organs covered by a peritoneum on 
the outer side and with a germinal epithelium as 
the innermost tissue layer. Most taxa (exceptions 
being the Crinoidea and many ophiuroids) have 
gonoducts that open through gonopores in the 
genital plates, although these are not always 
distinctive. 

 The mechanisms of germ line determination in 
echinoderms are diverse. While echinoids appear 
to use an inherited mechanism of germ line for-
mation, the sea stars appear to use an inductive 
mechanism (which involves the  interaction with 
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neighboring cells; a mechanism most probably 
used by the majority of echinoderms; see Wessel 
et al.  2013 ; Fresques et al.  2014 ).  

    Echinoderm Diversity 

 Echinoderms live in all climatic zones, from shal-
low coastal waters to the abyssal depths. Recent 
surveys of the global diversity of species have 
revealed that there are more than 7,000 extant 
(nominal) species of echinoderms living on earth 
(Appeltans et al.  2012 ). All of them are marine, 
with most individuals, as adults, forming part of 
the benthos. The distribution of genera and species 
within the fi ve commonly recognized echinoderm 
classes is shown in Table  1.1 . Detailed studies of 
museum collections and molecular analyses sug-
gest that there are a substantial number of species 
that remain undescribed; for asteroids, see (Mah 
and Blake  2012 ). The recently compiled register 
of marine species (Appeltans et al.  2012 ) estimates 
the total number of extant echinoderm species to 
range between 9,617 and 13,251.

       The Fossil Record and the Origin 
of Recent Forms 

 More than 13,000 echinoderm species have been 
recognized in the fossil record with their fi rst 
appearance dated to the Cambrian (Fig.  1.2 ). 
Several body sub-plans can be distinguished: 
pentaradiate forms (stromatocystitids and gogi-
ids), asymmetric forms (ceratocystitid stylopho-
rans), bilateral forms (ctenocystoids), and spiral 
forms (helicoplacoids) (Smith  2005 ). These orig-
inated in a short period of time, perhaps as short 
as 10–15 My, in the waters off both Gondwana 
and Laurentia (Smith et al.  2013 ). Using molecu-
lar clock estimates, Pisani and colleagues ( 2012 ) 
place the origin of Echinodermata (the time of 
the divergence between Echinodermata and their 
proposed sister taxon, Hemichordata) in the late 
Precambrian, around 570 My ago. Given that ste-
reom skeletal elements appear in the fossil record 
around 525 My ago, we should assume a diversi-
fi cation period of some tens of My before the 
articulated forms were established. It is important 
to note that the earliest record of a stereom almost 
coincides with the fi rst articulated specimens 
(Zamora et al.  2013 ).  

 Fossil species have been incorporated into 
modern phylogenetic analyses to generate a 
more complete picture of echinoderm evolution 
using different methodologies. The ground-
breaking study of Smith ( 1984 ) proposes that 
Echinodermata comprise two major monophy-
letic assemblages: the eleutherozoans and the pel-
matozoans (these ones represented by forms with 
stalks and calyces). Sumrall’s cladistic analysis 
on a similar data set suggests an alternative 
arrangement (Sumrall  1996 ). He was the fi rst to 
consider carpoids (homalozoans) as a monophy-
letic group and derived from modern echinoderm 
clades. At the same time it was considered that 
the variety of symmetries existing in the Cambrian 
is due to paedomorphic reductions from a pseudo-
fi vefold symmetric ancestor (Sumrall and Wray 
 2007 ). More recently, David and Mooi ( 1998 ) 
and David and colleagues ( 2000 ) have suggested 
another alternative topology, introducing blasto-
zoans, a subphylum that includes all brachiole-
bearing forms (i.e.,  eocrinoids). Importantly, 

   Table 1.1    Total number of genera and species known for 
all echinoderm classes   

 Class 
 No. of 
genera 

 No. of 
nominal 
species 
described 

 Source of the 
tabulated 

data 

 Crinoidea  115  620; 623  Appeltans 
et al. ( 2012 ), 
Rouse et al. 

( 2013 ) 
 Asteroidea  343  1,890; 

1,922 
 Appeltans 

et al. ( 2012 ), 
Mah and 

Blake ( 2012 ) 
 Ophiuroidea  270  2,064; 

2,064 
 Appeltans 

et al. ( 2012 ), 
Stohr et al. 

( 2012 ) 
 Holothuroidea  200  1,250; 

1,683 
 Smiley et al. 

( 1991 ), 
Appeltans 

et al. ( 2012 ) 
 Echinoidea  258  999  Kroh and 

Mooi ( 2011 ), 
Appeltans 

et al. ( 2012 ) 

M.I. Arnone et al.
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they specifi cally propose that edrioasteroids 
would represent good proxies for the earliest 
echinoderms. A recent hypothesis suggests that 
the bilateral echinoderm Ctenoimbricata would 
represent the plesiomorphic condition for echino-
derms (Zamora et al.  2012 ). This is based on the 
ontogeny and sister group relationships of mod-
ern echinoderms that suggest a bilateral species at 
the base of the echinoderm tree. Ctenocystoids 
would represent a next step, some of them having 

retained the primitive condition of the group 
while others became slightly asymmetric. In this 
scenario, the cinctans and solutes were more 
derived forms and represent the asymmetric con-
dition before the appearance of radial forms. 
Radial echinoderms started with the helicoi-
dal three ambulacra-bearing helicoplacoids. 
Pentaradial echinoderms also appeared in the 
Cambrian represented by edrioasteroids and some 
blastozoan groups. 

Echinodermata
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  Fig. 1.2    A phylogenetic tree showing various Cambrian echinoderms, including the early bilateral representative 
 Courtessolea  and the most primitive pentaradial form  Helicocystis  (Figure taken from Smith and Zamora ( 2013 )©)       
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 Among the Paleozoic fossils, four groups of 
non-pentameric forms, the “homalozoans,” have 
been at the center of intense, sometimes bitter, 
debate concerning the origin of a phylum related 
to the Echinodermata, the Chordata. The position 
and nature of some echinoderm structures, such 
as mouth, anus, or the ambulacra, have been used 
by many authors as arguments to suggest that 
homalozoans were stem taxa to all the chordates 
(Jefferies  1968 ) or early echinoderms (Ubaghs 
 1975 ; Parsley  1991 ). Most modern authors tend 
to align themselves with this latter position (Ruta 
 1999 ; Smith  2008 ). 

 However, as it happens for other fossil groups, 
the debates still revolve around the placement of 
a few key fossil groups, for instance, the car-
poids within the subphylum Homalozoa. While 
some authors regard some of these groups as 
primitive, others consider them to be secondarily 
derived. 

 All extant echinoderms are derived from a few 
taxa that survived the Permo-Triassic extinction 
event. This has been clearly established for the 
crinoids, asteroids, and echinoids. However, all 
of these originated in the early Ordovician. 
Molecular clock analysis has allowed to estimate 
the times of divergence for the different classes, 
ranging from 509 My for the divergence of cri-
noids to 480 My for the eleutherozoan echino-
derms (Pisani et al.  2012 ). The phylogenetic 
relationships among all extant echinoderm 
classes have been the subject of debate for many 
years. While there is consensus concerning the 
position of Crinoidea as the sister group to the 
remaining echinoderms (Eleutherozoa), there are 
clearly divergent opinions regarding the interre-
lationships of the remaining taxa. While some 
molecular analyses have suggested a clade that 
includes ophiuroids + echinoids + holothuroids 
(Littlewood et al.  1997 ; Pisani et al.  2012 ), there 
is an alternative view, supported mostly by com-
parative morphologists and paleontologists, 
which assumes a close association between aster-
oids and ophiuroids (Mooi and David  2000 ; 
Janies  2001 ). These two hypotheses are known as 
the “Cryptosyringida” and “Asterozoa- 
Echinozoa” hypothesis, respectively (Fig.  1.3 ).  

 More, and probably different, data sets are 
needed to resolve disputes regarding the relation-

ships. It has become clear that the results that lead 
to the establishment of specifi c relationships are 
highly dependent on the choice of parameters and 
methods (Janies et al.  2011 ). Interestingly, a very 
recent multigene analysis (219 genes from all echi-
noderm classes) using Bayesian methodologies 
and dealing with some older methodological biases 
seems to clearly support Asterozoa (Telford et al. 
 2014 ). The clarifi cation of the internal phylogeny 
of Echinodermata is of key relevance, since it will 
provide important insights into the evolutionary 
history of both the adult and the larval forms.  

    Life History Diversity, Larval Forms, 
and Evolution of Development 

 Most echinoderms spawn freely with fertilization 
occurring in the water column. Development pro-
ceeds through a dispersive larva, although a few 
species brood their embryos. Species that have 
small eggs (approx. <150 μm diameter) develop 
through feeding (planktotrophic) larvae. In con-
trast, species with large eggs (approx. >300 μm 
diameter) have nonfeeding (lecithotrophic) lar-
vae fully provisioned by the egg (Raff and Byrne 
 2006 ). The feeding planktotrophic larva is con-
sidered to be a plesiomorphic character for mod-
ern echinoderms (Strathmann  1985 ; Smith  1997 ; 
McEdward and Miner  2001 ; Raff and Byrne 
 2006 ). Possession of a larval phase is suggested 
to have arisen through intercalation between the 
gastrula and juvenile life phases in an ancestral 
form (Sly et al.     2003 ). The feeding bipinnaria lar-
vae of asteroids and the auricularia larvae of 
holothuroids are very similar to the tornaria larva 
of the Hemichordata (see Chapter   2    ). These lar-
val forms – the so-called dipleurula-type larvae – 
are considered to represent the basal-type larva 
for the Ambulacraria (Peterson et al.  2000b ; Raff 
and Byrne  2006 ). 

 Planktotrophic larvae feed on phytoplankton 
and the ciliary bands that loop around the body are 
used for capturing food and for locomotion 
(Strathmann  1985 ). Evolution of a large egg freed 
larvae from the necessity to feed, resulting in 
the reduction and loss of superfl uous feeding 
 structures (Raff and Byrne  2006 ). As a result, leci-
thotrophic echinoderm larvae lack a functional 

M.I. Arnone et al.
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gut and have a simplifi ed pattern of ciliation and 
may be planktonic or benthic. Lecithotrophy is 
considered to be the derived larval form for mod-
ern echinoderms and appears to have arisen inde-
pendently and frequently in many echinoderm 
clades. Moreover, once lecithotrophic develop-
ment evolved, subsequent radiation may have 
generated new species with this life history mode 
(Jeffery et al.  2003 ; Hart et al.  2004 ). The pres-
ence of lecithotrophic larvae with nonfunctional 
feeding structures also supports the hypothesis 
that these larvae arose from an ancestral adult 
form with a feeding larva (Raff and Byrne  2006 ). 
After 500 million years of larval evolution, 
approximately 68 % of echinoderms with known 
development have the supposedly derived, leci-
thotrophic larval type (Uthicke et al.  2009 ). 

 Rapid evolution of development, as seen in 
 Heliocidaris  sea urchins and asterinid sea stars, 
has resulted in diverse larval phenotypes. The two 

 Heliocidaris  species, one with a feeding ( H. 
tuberculata ) and one with a nonfeeding ( H. eryth-
rogramma ) larva, are used as a model compara-
tive system to investigate the developmental and 
genetic mechanisms underlying the evolutionary 
switch to a lecithotrophic larva (Wray  1996 ; Raff 
and Byrne  2006 ). The full range of larval types in 
the Echinodermata is evident in the asterinids 
(Byrne  2006 ). These asteroids include taxa with 
feeding (e.g.,  Patiria ,  Patiriella ) and nonfeeding 
(e.g.,  Meridiastra ) planktonic larvae, species with 
strange-looking nonfeeding benthic larvae 
( Parvulastra ,  Asterina ) that maintain a tenacious 
hold on the seafl oor, and species with larvae that 
swim in the gonad followed by metamorphosis 
and birth as nearly sexually mature asteroids. 

 Generally, the zygotes of species with small 
eggs give rise to two types of feeding larvae: the 
pluteus-like larvae of sea urchins and brittle stars 
and the auricularia-like larvae of sea cucumbers 

  Fig. 1.3    Alternative hypotheses proposed for the relationships among extant echinoderm classes. The  left side  of the 
fi gure corresponds to the Asterozoa-Echinozoa hypothesis and the  right side  to the Cryptosyringida hypothesis       
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and sea stars (Hyman  1955 ; Raff and Byrne  2006 ). 
The Echinoidea, Ophiuroidea, Holothuroidea, and 
Asteroidea also include species with various types 
of nonfeeding (lecithotrophic) larvae. Crinoidea 
(sea lilies and feather stars) are the only echino-
derm class that does not have a feeding larva. 
Their embryos develop typically into a second-
arily derived nonfeeding larva, the barrel-shaped 
doliolaria. Interestingly, one species has an auricu-
laria-like ciliary band indicating an ancestral form 
with feeding larvae (Nakano et al.  2003 ). 
Figure  1.4  displays representative larval types for 
each echinoderm class, along with their adult 
forms, arranged according to one of the alternative 
phylogenetic arrangements currently suggested 

for this phylum (see Fig.  1.3  for the alternatives). 
The great diversity of larval forms in echinoderms 
with feeding and nonfeeding modes are illustrated 
for each class (Balser  2002 ; Byrne and 
Selvakumaraswamy  2002 ; Emlet et al.  2002 ; 
McEdward et al.  2002 ; Sewell and McEuen  2002 ).  

 At the end of the planktonic phase, larvae 
settle and the juvenile pentaradial form arises 
through a series of marked changes during 
metamorphosis. The adult rudiment arises on the 
left side of the larva. The origin of adult tissues 
and organs is complex and in many cases unknown. 
The details of the developmental process involved 
in the genesis of the different structures will be 
discussed in other sections of this chapter.  

  Fig. 1.4    One scenario of echinoderm interrelationships, 
after Janies ( 2001 ), used to illustrate adults and larvae. 
 From left , each column displays, for each class, represen-
tatives of adult phenotypes (for species names and image 
credits see Fig.  1.1 ), the most representative type of plank-
tonic larvae and adult common names. The larvae are  from 
left to right :  Strongylocentrotus purpuratus  echinopluteus 
and  Heliocidaris erythrogramma  reduced pluteus for 

Echinoidea ; Parastichopus parvimensis  auricularia 
(Courtesy of Veronica Hinman) and  Holothuria scabra  
doliolaria for Holothuroidea;  Amphiura fi liformis  ophio-
pluteus (Courtesy of David Dylus and Paola Oliveri) and 
 Clarcoma pulchra  vitellaria (Courtesy of Paula Cisternas) 
for Ophiuroidea;  Meridiastra calcar  bipinnaria, brachio-
laria, and vitellaria for Asteroidea;  Metacrinus rotundus  
doliolaria (Courtesy of Hiroaki Nakano) for Crinoidea       
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    Echinoderm Genomes: A Window 
into the Regulatory Landscape 

 Our understanding of the development of animals 
and some evolutionary trends within taxa is now 
being enhanced by our knowledge of genomes 
and this is also true for the Echinodermata 
(Kondo and Akasaka  2012 ). The ongoing genera-
tion of genomic data from different animal sys-
tems is providing unprecedented access to the 
mechanisms that control morphogenesis and its 
changes over evolutionary time. 

 After a fi rst wave of sequencing efforts, con-
centrated on the so-called “model” organisms 
( Drosophila melanogaster ,  Caenorhabditis ele-
gans ,  Mus musculus ), the focus has shifted to 
other systems, including marine invertebrates. 
The sequencing of the genome of the sea urchin 
 Strongylocentrotus purpuratus  (814 megabases) 
was pioneering work and allowed the compre-
hensive characterization of genes in a species 
with a long tradition as a model system for devel-
opmental biology and a key reference for investi-
gation of the genetic control of embryogenesis; 
see (Davidson  2006 ). The sequencing and anno-
tation of the sea urchin genome, carried out by an 
international team of scientists (Sea Urchin 
Genome Consortium), allowed gene families to 
be characterized and, by comparison with other 
taxa, their evolutionary dynamics to be traced 
within the Bilateria and Deuterostomia. Some 
unexpected fi ndings such as the expanded innate 
immunity repertoire or the huge numbers of 
genes devoted to sensory systems (including 
vision and hearing) highlight once more the 
importance of having access to complete genome 
sequences if we are to understand developmental 
and evolutionary processes. 

 Important as knowledge of genome sequences 
is, the best way to follow development – and to 
infer evolution (see Domazet-Loso and Tautz 
 2010 ) – is through the characterization of the tran-
scriptomes and proteomes of different species. The 
former provides detailed information on global 
changes of transcription in time and/or space and 
the latter on similar changes but at the level of pro-
teins. Detailed transcriptome analyses have been 
performed on some echinoderms, but in no case do 
they match the detailed characterization of tran-

script variations that have occurred during the 
development of  Strongylocentrotus purpuratus. S. 
purpuratus  transcriptomes have been analyzed at 
22 different developmental times (Materna et al. 
 2010 ; Tu et al.  2012 ). The extent of the analysis has 
also allowed the defi nition of structural parameters 
for all protein- coding genes (such as intron/exon 
sizes, intergenic distances, numbers of introns/
exons per gene, etc.). These data are incorporated 
into accessible databases (e.g., EchinoBase:   http://
mandolin.caltech.edu/Echinobase/    ). Other echino-
derms for which transcriptome data have been gen-
erated are the echinoid  Heliocidaris erythrogramma  
(mixed developmental stages) (Wygoda et al. 
 2014 ), the holothurians  Holothuria glaberrima  
(intestinal regeneration) (Rojas-Cartagena et al. 
 2007 ; Du et al.  2012 ) and  Apostichopus japonicus  
(mixed developmental stages (Du et al.  2012 ) or 
adult regenerating tissues (Sun et al.  2011 )), as well 
as the ophiuroids  Ophiocoma wendtii  (gastrula) 
(Vaughn et al.  2012 ) and  Amphiura fi liformis  
(regenerating arms) (Burns et al.  2012 ). Many 
other species are currently being sequenced and 
analyzed; some of the results are accessible through 
different websites. Methodologies and the depth of 
sequence information vary between studies. 

 Most recently, other echinoderm genomes 
have been sequenced, most of which are from  
echinoids. We have complete genomic and exten-
sive transcriptomic data for the fi rst asteroid spe-
cies,  Patiria miniata  (  http://blast.hgsc.bcm.tmc.
edu/blast.hgsc?organism=Pminiata    ). These data 
should prove especially useful for understanding 
echinoderm genome evolution and the changing pat-
terns of gene expression associated with the diversifi -
cation of the echinoderm groups. Other echinoid 
genomes currently being sequenced are  Paracentrotus 
lividus  (European consortium),  Lytechinus variega-
tus ,  Eucidaris tribuloides ,  Strongylocentrotus fran-
ciscanus , and  Strongylocentrotus fragilis  (Baylor 
College of Medicine Human Genome Sequencing 
Center, Houston, and Caltech, Pasadena, USA) and 
the two  Heliocidaris  species with feeding ( H. tuber-
culata ) and nonfeeding ( H. erythrogramma ) larvae. 
For  H. erythrogramma  a complete developmental 
transcriptome is available from early embryogenesis 
to the juvenile stages (Wygoda et al.  2014 ). 

 An alternative approach to understanding 
echinoderm developmental processes is the use 
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of high-throughput proteomic tools, which allows 
researchers to follow hundreds of proteins (and 
their post-transcriptional modifi cations) at once. 
These techniques have been introduced recently, 
and their full potential is realized in organisms 
for which the genomes are already sequenced, 
for instance, in  Strongylocentrotus purpuratus  
(Mann et al.  2010 ; Adams et al.  2012 ). Some of 
the pioneering studies involved the use of differ-
ent techniques. For instance, the radial nerve cord 
and coelomocyte protein complements of the 
asteroids have been characterized using combi-
nations of 1 and 2D electrophoresis plus MALDI- 

TOF ( Marthasterias glacialis ) (Franco et al. 
 2011a ,  b ); techniques that were incorporated to 
the study of phosphorylation patterns during neu-
ronal regeneration (Franco et al.  2012 ). These are 
just a few examples of a growing number of com-
prehensive analyses of protein complements. 

 In the near future, new genome sequences, in 
combination with high-throughput transcrip-
tomic and proteomic data, will change the way 
we see and analyze developmental processes in 
echinoderms. Moreover, as mentioned above, the 
comparison of patterns across taxa should also 
revolutionize the study of evolutionary change. 

The use of echinoderms in developmental 
biology has a long and fertile tradition. In 
fact, it was through working with these allur-
ing marine creatures that fundamental con-
cepts were made and incorporated into our 
current knowledge on the function of cells 
and embryos. These include understanding 
the role of cyclins in the animal cell cycle, 
chromosomes as determinants of develop-
ment, the plasticity of blastomere fates, and 
the presence of maternal messages in embryos. 
Our understanding of the molecular control of 
development, the structure of the gene regula-
tory apparatus, and recent advances in gene 
regulatory networks (GRN) as control factors 
of animal development also stem from the use 
of echinoderm model systems. Echinoderms 
present biologists many practical features, 
including ready access to fertile gametes, the 
transparency of their embryos, and their rela-
tive ease of manipulation in the laboratory. 
Coupled with the recent sequencing of the 
genomes of several members of the phylum, it 
is clear that use of this group of animals as 
model organisms will continue to be at the 
center of our advances in understanding, not 
only of the intricate processes controlling the 
development of individual animals but also of 
the fascinating mechanisms that underlie the 
diversifi cation of body plans over evolution-
ary time. Our future endeavors will also ben-
efi t from the long tradition of observational 

studies of echinoderms in ecology and in the 
fossil record and from in-depth studies of the 
evolution of their life stories. The integration 
of this traditional research with more modern 
approaches based on genomic regulatory sys-
tems should prove especially fruitful in pro-
viding us with a better understanding of 
specifi c micro- and macro-evolutionary pro-
cesses. Among the echinoderms used in 
developmental biology, the sea urchin 
 Strongylocentrotus purpuratus  deserves spe-
cial mention. This species, from North 
America’s west coast, was instrumental to the 
incorporation of molecular techniques to the 
study of animal development. From the origi-
nal characterization of the dynamic changes 
of transcription in embryogenesis to recent 
analyses of gene regulatory networks,  S. pur-
puratus  has been an important model in our 
modern understanding of developmental pro-
cesses. The ease of obtaining billions of gam-
etes for synchronous embryo culture, the 
transparency of the embryo, and the ability to 
introduce foreign DNA or RNA into the 
embryos have made of this urchin an ideal 
model for the study of developmental mecha-
nisms and their molecular control. Given the 
rich history in research with echinoderms and 
the recent incorporation of a wide array of 
new technologies, echinoderms will undoubt-
edly continue to be center stage within the 
EvoDevo fi eld.       
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       EMBRYONIC AND LARVAL 
DEVELOPMENT 

 While the implications of these alternative phy-
logenies on the evolution of larval types will be 
discussed at the end of this section, we will focus 
fi rst on embryogenesis, i.e., the development 
from egg up to larva, for each of the fi ve echino-
derm classes, highlighting, where possible, com-
monalities and differences. 

 Since the classical studies of Derbès ( 1847 ) on 
the formation of the archenteron, the sea urchin 
embryo has served as a model system for devel-
opmental biology. Sea urchin gastrulation is con-
sidered as the archetypal model for a deuterostome 
morphogenetic process (McClay et al.  2004 ). 
Starting with the discovery of pronuclear fusion 

by Fol ( 1877 ) and Boveri’s experiments on the 
developmental fate of polyspermic eggs (Boveri 
 1902 ), the sea urchin embryo has provided a pow-
erful tool for the study of the role of genome 
activities during development (reviewed in 
Davidson et al.  1998 ). In particular, the process of 
specifi cation of the endomesodermal territories is 
extraordinarily well known in the sea urchin 
 Strongylocentrotus purpuratus  and has led to the 
most exhaustive characterization of a gene regu-
latory network (GRN) for any developmental sys-
tem. As a consequence, there is an  extensive 
literature on sea urchin embryos compared to 
what has been published for other echinoderms, 
and thus, the organization of this section refl ects 
this knowledge bias. We need to point out here 
that the study of regulatory mechanisms in 
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 echinoderms, particularly in sea urchins, has been 
facilitated by the routine use of knockdown meth-
odologies, particularly those using morpholino- 
modifi ed oligonucleotides. This, with the regular 
use of transgenesis, shows the sharp contrast 
between the gene analysis in echinoderms and 
those performed in most other phyla. 

    Development of Echinoidea 
(Sea Urchins) 

 Many sea urchin species have been used to char-
acterize the basic processes involved in their 
embryonic development. Starting with the 
Mediterranean  Paracentrotus lividus , which 
appeared on the scientifi c scene associated with 
the abovementioned early studies and the spec-
tacular blastomere recombination experiments of 
Hörstadius ( 1939 ,  1973 ), important insights have 
been obtained using the Atlantic  Lytechinus var-
iegatus , the Western Pacifi c  Hemicentrotus 
 pulcherrimus , and the Eastern Pacifi c  Strongylo-
centrotus purpuratus , the latter being the fi rst 
echinoderm species with a sequenced genome 
(Sodergren et al.  2006 ) and for which the fi rst 
GRN that controls the specifi cation of an embryo 
was established (Davidson et al.  2002 ). Figure  1.5  
displays adult specimens of all these species. The 
following description of sea urchin embryonic 
development represents a summary of the knowl-
edge obtained by studying these species and, 
thus, provides an overview for sea urchin devel-
opment, keeping in mind that differences exist 
among the species.  

 The eggs of sea urchins with feeding larvae 
range from 80 to 180 μm in diameter. The mei-
otic divisions associated with oogenesis are com-
pleted while the eggs are still in the ovary. The 
egg has a small, clear, eccentrically located pro-
nucleus. This is relatively homogeneous and con-
tains uniformly distributed yolk granules and 
numerous small lipid vesicles and other organ-
elles (Byrne et al.  1999 ). Together, these granules 
and the lipids supply the embryo and early larva 
with the energy sources and precursor molecules 
needed prior to feeding (Scott and Lennarz  1989 ). 
Two envelopes surround the sea urchin egg: the 
inner vitelline envelope and the outer jelly coat 
(Glabe and Vacquier  1977 ). 

 Fertilization involves two fusion events: gam-
ete fusion, the fusion of the sperm and egg plasma 
membranes, and pronuclear fusion, the fusion of 
the male and female haploid pronuclei. As the 
surfaces of the gametes approach each other, a 
specifi c interaction takes place between the 
sperm protein bindin (Vacquier and Moy  1977 ) 
and a receptor located on the egg surface (Giusti 
et al.  1997 ; Stears and Lennarz  1997 ). The sperm- 
egg binding reaction causes the exocytosis of the 
sperm’s acrosomal vesicle, with proteolytic 
enzymes being released that allows the sperm 
cell to penetrate the jelly coat and establish con-
tact with the vitelline envelope (Dan and 
Hagiwara  1967 ; Franklin  1970 ; Levine et al. 
 1978 ). At this point, the fi rst fusion event of fer-
tilization, sperm-egg plasma membrane fusion, 
or gamete fusion takes place, facilitating that the 
sperm pronucleus moves towards the egg pronu-
cleus. Sperm-egg fusion triggers a complex series 

A B C D

  Fig. 1.5    Sea urchin species most commonly used in 
developmental biology.  From left to right ,  Paracentrotus 
lividus  ( A , Courtesy of Christian Gache),  Lytechinus var-
iegatus  ( B , Courtesy of David McClay),  Hemicentrotus 

pulcherrimus  ( C , Courtesy of Koji Akasaka), and 
 Strongylocentrotus purpuratus  ( D , Courtesy of Mattias 
Ormestad). Adult specimen sizes range from about 50 to 
100 mm in diameter for all 4 species       
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of responses. Among the most important are pro-
cesses that prevent polyspermy. These start about 
20 s after sperm attachment and are complete 
already by the end of the fi rst minute of fertiliza-
tion. Two complementary processes prevent 
polyspermy in sea urchins: a fast reaction, 
accomplished by a transient depolarization of the 
egg’s plasma membrane (Jaffe  1976 ; Schuel and 
Schuel  1981 ), and a slower reaction, involving 
the more permanent production of a physical bar-
rier caused by the exocytosis of cortical granules 
(Just  1919 ). Cortical granules of sea urchins con-
tain many different components necessary to 
accomplish their varied tasks. Proteases dissolve 
the connection between the vitelline envelope 
and the cell membrane; they clip off the bound 
receptor and any sperm attached to it (Vacquier 
et al.  1973 ; Glabe and Vacquier  1978 ). 
Mucopolysaccharides produce an osmotic gradi-
ent that causes water to enter the space between 
the plasma membrane and the vitelline envelope, 
causing the envelope to expand and become the 
fertilization envelope (Hall  1978 ). A peroxidase 
enzyme hardens the fertilization envelope by 
cross-linking tyrosine residues on adjacent pro-
teins (Foerder and Shapiro  1977 ; Mozingo and 
Chandler  1991 ). Finally, the cortical granules 
release a sticky protein, hyaline, which forms a 
tough extracellular matrix around the embryo 
(Hylander and Summers  1982 ). This hyaline 
layer holds the cells of the early embryo together 
until they develop cell junctions at the blastula 
stage. The second fusion event in fertilization, 
pronuclear fusion, usually occurs within 
30–45 min after gamete fusion; through it the two 
pronuclei merge and a diploid zygote nucleus is 
formed.   

 Figure  1.6  displays the development of the sea 
urchin embryo from the 4-cell to the pluteus larva 
stage. Cleavage of sea urchin embryos is holo-
blastic, radial, and in the majority of stages equal. 
The exception is the fourth cleavage, which is 
unequal and thus a unique feature of echinoids 
with small eggs and feeding larvae. The fi rst and 
second cleavages are both longitudinal, intersect-
ing the animal and vegetal poles. These divisions 
lie at right angles to one another, dividing the 
embryo into four cells of equal size. The third 

cleavage is equatorial, perpendicular to the fi rst 
two cleavage planes. This cleavage separates the 
animal and vegetal hemispheres from one 
another, giving rise to the eight-cell stage. 
Because all the cells of the embryo in each of the 
fi rst three cleavages are equal in size, cleavage up 
to this point is said to be equal. The fourth cleav-
age, however, is very different from the fi rst 
three. The upper four cells divide meridionally, 
forming equal-sized cells called mesomeres. The 
lower four cells divide unequally and horizon-
tally to produce four larger macromeres and 
below them four smaller cells called micromeres, 
located at the vegetal pole of the embryo 
(Summers et al.  1993 ). At the fi fth cleavage the 
eight mesomeres divide equally and horizontally, 
forming two tiers of cells in the animal hemi-
sphere (an1 and an2), one staggered above the 
other. The four macromeres divide meridionally, 
forming a tier of eight cells, while the micro-
meres divide unequally once more, generating 
four large micromeres and four small micromeres 
(Okazaki  1975 ; Pehrson and Cohen  1986 ; 
Cameron and Davidson  1991 ). At sixth cleavage 
all the cells divide horizontally, producing the 
60-cell stage embryo. At this point the subdivi-
sion of the embryo, from the animal to the vege-
tal pole, is as follows: 16 an1, (two layers of eight 
cells each), 16 an2 (two layers of eight cells 
each), eight veg1 (vegetal tier one), eight veg2 
(vegetal tier one), and 12 micromeres (eight large 
micromeres and four small micromeres) 
(Fig.  1.6A ). 

 The blastula stage of sea urchin development 
begins at the 128-cell stage. Cleavage continues, 
producing progressively smaller and smaller 
cells. The cells form a hollow sphere surrounding 
a central cavity or blastocoel and they become 
organized as a true epithelium, with permanent 
cell junctions and a complex extracellular matrix 
on both the interior and exterior surfaces. 

 The formation of the blastocoel is accom-
plished by the adhesion of the blastomeres to the 
hyaline layer and by an infl ux of water that results 
in an expansion of the internal cavity (Dan  1960 ; 
Wolpert and Gustafson  1961 ; Ettensohn and 
Ingersoll  1992 ). The cells at the vegetal pole of 
the blastula begin to thicken, forming a vegetal 
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plate. A small tuft of long cilia forms at the animal 
pole of the blastula. This allows the embryo to 
start rotating inside the fertilization membrane. At 
this point an enzymatic complex is secreted by the 
cells of the animal half, by which the blastula 
hatches and starts to swim freely (Lepage et al. 
 1992 ; Reynolds et al.  1992 ; Ghiglione et al.  1994 ). 

 Starting from the late cleavage and blastula 
stages, the sea urchin embryo can be considered 
as composed of “territories.” These territories are 
distinguished by specifi c, differential patterns of 
gene expression, individual cell lineage histories, 
and cell fates. Five major embryonic territories 
can be distinguished by the 60-cell stage: the 
small micromere, the skeletogenic mesenchyme, 
the vegetal plate, the aboral ectoderm, and the 
oral ectoderm territories (Fig.  1.6A ; Davidson 
 1989 ,  1990 ; Cameron and Davidson  1991 ; 
Davidson et al.  1998 ). 

 The four small micromere founder cells arise 
at the unequal fi fth cleavage; they divide only 
once more during embryogenesis and contribute 
to the coelomic pouch and adult rudiment 
(Juliano et al.  2010 ). The skeletogenic cells are 
the sister cells of the small micromeres and they 
give rise to the skeleton in the larva. 

 The vegetal plate territory generates the arch-
enteron during gastrulation and all mesodermal 
elements. The aboral ectoderm produces a squa-
mous epithelium that forms the wall of the late 
embryo and the larva, except for the oral and cili-

ated band domains. The oral ectoderm territory 
produces a variety of cell types and structures: the 
mouth, the oral hood, the ciliated bands, and most 
or all components of the larval nervous system. 

 Once cells have acquired unique identities and 
begin to express different sets of genes, the stage 
is set for morphogenesis and differentiation. 
Morphogenesis begins shortly after cleavage in 
echinoderms, quickly establishing the three pri-
mary germ layers. Morphogenetic events have 
been extensively studied in sea urchins because 
of the easiness with which it is possible to experi-
mentally manipulate embryos in various infor-
mative ways. The advanced blastula consists of a 
single layer of about 500 cells that has the shape 
of a hollow ball, fl attened and thickened at the 
vegetal side (Fig.  1.6B ). 

 The fi rst overt morphogenetic event is the ingres-
sion of a subset of mesenchyme cells from the veg-
etal pole region of this late blastula (Fig.  1.6C ). The 
primary mesenchyme cells (PMCs), which are 
derived from the large micromeres and are located 
approximately in the center of the vegetal plate 
region (Burke et al.  1991 ), begin to change. They 
start extending and contracting long fi lopodia from 
their inner surface. Then, they lose their affi nity for 
the apical lamina and for their epithelial neighbors, 
gaining an affi nity for the extracellular matrix and 
the basal lamina that lines the blastocoel (Fink and 
McClay  1985 ; Amemiya  1989 ). This cell move-
ment is termed ingression. Ingressing cells are 

  Fig. 1.6    Sea urchin development. ( A ) Cleavage stages 
seen along the animal ( top )-vegetal ( bottom ) axis. At the 
16-cell stage there are four micromeres ( brown ) at the 
vegetal pole, four central macromeres ( light yellow ), and 
eight mesomeres ( gray ) at the animal pole. The colors 
indicate when the cells begin to be specifi ed towards ecto-
derm, endoderm, and mesoderm (see color key). ( B ) 
Hatched blastula stage, midsagittal section. The ectoderm 
is already subdivided (as indicated by different shades of 
 blue ) and the non-skeletogenic mesoderm (oral and 
aboral) has separated from the endoderm. ( C ) 
Mesenchyme blastula stage, midsagittal section. Primary 
mesenchyme cells have ingressed into the blastocoel 
while small micromeres stay behind. ( D ) Midsagittal sec-
tion of a mid-gastrula stage, showing the gut invaginating, 
the skeletogenic cells beginning to synthesize the skele-
ton, and non-skeletogenic mesoderm at the tip of the arch-
enteron subdividing into domains occupying different 

positions along the oral/aboral and animal/vegetal axes 
(different cell types are indicated following the color key). 
( E ) Pluteus larva, lateral view, showing the defi nite struc-
tures and cell types generated during embryogenesis. ( F ) 
 Paracentrotus lividus  pluteus larva stained to show the gut 
( red ), the skeleton ( blue ), and the ectoderm ( green ) 
(Courtesy of David McClay). Length of larva, from poste-
rior end to anterior tip = 120 μm. ( G )  Strongylocentrotus 
purpuratus  at the four-arm stage larva. Length of 
larva = 200 μm. ( H ) Scheme of the eight-arm pluteus stage 
larva (Courtesy of Santiago Valero-Medranda) highlight-
ing internal skeleton ( brown ) and digestive system 
( yellow / orange ). The inset shows details of the ciliary 
band on one larval arm ( purple ). Abbreviations:  a  anus, 
 aa  anal arm,  an  animal,  cb  ciliary band,  cp  coelomic 
pouch,  es  esophagus,  in  intestine,  mf  muscle fi ber,  mo  
mouth,  oa  oral arm,  skr  skeletal rod,  st  stomach,  veg  
vegetal       
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bottle- shaped with their basal end protruding into 
the blastocoel and their apical end narrowed into the 
form of a thin strand. The embryo at this early stage 
of gastrulation is referred to as a mesenchyme blas-
tula (Fig.  1.6C ). 

 Once inside the blastocoel, PMCs migrate 
seemingly at random for a brief period, actively 
making and breaking fi lopodial connections to 
the wall of the blastocoel. These fi lopodia are not 
thought to function in locomotion; rather they 
appear to explore and sense the blastocoel wall 
and may be responsible for receiving dorsoventral 
and animal-vegetal patterning cues from the ecto-
derm (Malinda et al.  1995 ). Eventually, PMCs 
congregate in the vegetal half of the embryo, in a 
ring pattern, with two major aggregates of cells 
(the ventrolateral clusters). Here, PMCs become 
round, retract their cilia, and fuse into syncytial 
strands (Hodor and Ettensohn  1998 ), which will 
form the axis of the calcium carbonate spicules of 
the larval skeleton (for a recent review, see 
McIntyre et al.  2014 ). 

 As the ring of primary mesenchyme cells 
leaves the vegetal region of the blastula, the 
remaining cells at the vegetal plate move to fi ll in 
the gaps, fold inwards, and become elongated in a 
process called “invagination.” This process has 
been conventionally divided into two distinct tem-
poral phases, primary and secondary invagination 
(Dan and Okazaki  1956 ; Kinnander and Gustafson 
 1960 ). Within a few hours, the thickened vegetal 
plate bends inwardly. As shown by serial recon-
structions of  Lytechinus pictus  embryos, relatively 
few cells (about 100) take part in this fi rst step 
(Ettensohn  1984 ). At the time of invagination, the 
vegetal plate cells (and only these cells) secrete a 
chondroitin sulfate proteoglycan into the inner 
lamina of the hyaline layer, located directly 
beneath them. This hygroscopic molecule swells 
the inner lamina, but not the outer lamina, causing 
the vegetal region of the hyaline layer to buckle 
(Lane et al.  1993 ). Slightly later, a second force 
arising from the movements of epithelial cells 
adjacent to the vegetal plate facilitates this invagi-
nation by pushing the buckled layer. The invagi-
nated region is called the archenteron (primitive 
gut), and the opening of the archenteron at the 
vegetal region is called the blastopore. Sea urchins 

are deuterostomes and thus the blastopore, later in 
development, will form the anus of the larva. By 
the end of this primary invagination, the archen-
teron, which is roughly cylindrical in shape, has 
extended between one-fourth and one-half of its 
total length across the blastocoel. When the pri-
mary invagination is completed, the length of the 
gut rudiment scarcely changes during a couple of 
hours. Meanwhile, secondary mesenchyme cells 
(SMCs) become visible at the tip of the gut rudi-
ment. These cells are also called non- skeletogenic 
mesoderm (NSM) and are the descendants of the 
veg2 blastomeres formed at the sixth cleavage 
(Horstadius  1973 ; Cameron et al.  1991 ). SMCs 
begin to extend long, thin fi lopodia into the blas-
tocoel and towards the area of the animal pole, 
exploring putative attachment sites, while they 
remain attached to the gut rudiment (Hardin  1988 ; 
Hardin and McClay  1990 ). After a brief pause, the 
second phase of archenteron formation begins. 
During this time, the archenteron extends dramat-
ically, sometimes triplicating its length. The 
embryo now has reached the mid-gastrula stage 
(Fig.  1.6D ). In this process of extension, the wide, 
short gut rudiment is transformed into a long, thin 
tube. It has been proposed that contraction of the 
fi lopodia interconnecting the archenteron tip and 
the apical plate pulls the gut rudiment upward 
(Takata and Kominami  2004 ). At this point, the 
existence of tension in SMC fi lopodia is evident. 
Further, elongation of the archenteron is blocked 
when the pseudopodia are broken by expanding 
the blastocoel (Dan and Okazaki  1956 ) or with the 
use of a laser beam (Hardin  1988 ). Together with 
the help of forces exerted by SMC fi lopodia, cel-
lular rearrangements lead to the formation of a 
slender archenteron. These cells of the archen-
teron rearrange themselves by migrating over one 
another and, at the same time, they fl atten 
(Ettensohn  1985 ; Hardin and Cheng  1986 ). This 
phenomenon, wherein cells intercalate to narrow 
the tissue and at the same time move it forwards, 
is called convergent extension. Cell division con-
tinues to produce more endodermal and second-
ary mesenchyme cells while the archenteron 
extends (Martins et al.  1998 ). 

 As the archenteron elongates, secondary mes-
enchyme cells delaminate from its tip and disperse 
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within the blastocoel, where they proliferate to 
form four types of non-skeletogenic mesoderm 
(NSM) cells (Ettensohn and Ruffi ns  1993 ): pig-
ment cells (Gibson and Burke  1985 ,  1987 ), blasto-
coelar cells (Tamboline and Burke  1992 ), coelomic 
pouch cells, and circumesophageal muscle cells 
(Ishimoda-Takagi et al.  1984 ; Burke and Alvarez 
 1988 ; Andrikou et al.  2013 ). These cell types are 
specifi ed long before delaminating from the tip of 
the archenteron where they are arranged spatially 
to occupy different positions along the animal/
vegetal and oral/aboral axis (see different color 
cells in Fig.  1.6D, E ; for the specifi cation state of 
these NSM cells at the tip of the archenteron see 
Luo and Su  2012  and Andrikou et al.  2013 ). 

 Soon after elongation starts in  S. purpuratus  
embryos, the archenteron bends ventrally, towards 
the prospective oral region, while in  L. variegatu s 
embryo this event occurs later on, as the tip of the 
archenteron approaches the animal pole of the 
blastocoel. The oral epithelium and cells at the tip 
of the archenteron make contact, and an opening 
is produced in the epithelia, which will become 
the larval mouth. The blastopore will develop into 
the anal opening of the digestive tract. Just before 
the archenteron makes contact with the prospec-
tive oral fi eld, another important morphogenetic 
movement, coelom formation, begins. This is the 
time when myoblasts from each coelomic pouch 
extend pseudopodia towards the outer surface of 
the esophagus, eventually forming muscle fi bers. 
After full elongation of the archenteron, constric-
tions subdivide the endoderm into foregut, mid-
gut, and hindgut, and this regionalization not only 
becomes evident morphologically but also is 
clearly refl ected in patterns of region-specifi c 
gene expression (Cole et al.  2009 ; Annunziata 
and Arnone  2014 ; Annunziata et al.  2014 ). During 
this period, termed prism stage, the embryo takes 
on the shape of a rounded, truncated pyramid. 
The side of the embryo where the mouth will 
open (stomodeum) becomes fl attened, forming 
the oral surface of the developing larva. The blas-
topore side of the embryo also becomes fl attened 
and forms the anal surface of the developing 
larva. A ciliary band develops around the stomo-
deum. Ciliary band cells are interspersed with 
neurons that begin to differentiate at this stage to, 

eventually, form the complex neuronal network 
typical of the pluteus larva (for a review of the sea 
urchin larva nervous system, see Burke et al. 
 2006 ). Also at this stage, the apical organ, where 
serotonergic and other type of neurons that remain 
to be characterized will develop, becomes mor-
phologically evident as a disk of thick ciliated 
epithelium at the animal pole of the embryo (indi-
cated as a dark blue region in Fig.  1.6B–E ; see 
Byrne et al.  2007 ). 

 As development proceeds, the embryo elon-
gates slightly along the dorsoventral axis and two 
arms, the oral arms, appear and extend outwards 
from the oral lobe. Two additional arms, the anal 
arms, appear and extend outwards at the junction of 
the oral and anal surfaces. The embryo has reached 
the pluteus stage (Fig.  1.6E ). The triradiate spicules 
develop into skeletal rods that extend through the 
body and inside the arms. The myoblasts have 
fused to form circumesophageal muscle fi bers and 
the coelomic pouches are fully shaped. From a por-
tion of the left coelomic pouch, a duct-like struc-
ture, the hydroporic canal, extend to the aboral 
ectoderm where the hydropore forms, thus show-
ing the fi rst morphological signature of left-right 
asymmetry of the pluteus larva (Luo and Su  2012 ). 

 Because of the morphogenetic changes of the 
larva, the developing digestive tract is bent into a 
J-shape structure. The stomach enlarges and fi lls a 
large part of the body of the pluteus while the arms 
elongate. When completely formed, the anal arms 
are longer than the oral ones. A pluteus larva at 
this stage of development is referred to as the four-
armed pluteus larva (Fig.  1.6F, G ). Sequential 
elongation of additional arms (up to eight; 
Fig.  1.6H ) and important modifi cations of the 
mesoderm occur during the various planktonic lar-
val stages (see Smith et al.  2008b  for progression 
of  Strongylocentrotus purpuratus  larval stages). 
A period of extensive feeding and continued larval 
development is required before metamorphosis to 
a miniature sea urchin juvenile occurs (see below). 

 A vast diversity of echinoids develops through 
nonfeeding larvae (an example is shown in 
Fig.  1.7 ). Details of embryology and larval devel-
opment in these echinoids are available for 
several species (Raff  1992 ; Morris  1995 ; Emlet 
et al.  2002 ). Some species such as  Holopneustes 
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purpurescens     completely lack any pluteal fea-
tures (Morris  1995 ), while  Heliocidaris erythro-
gramma  has a vestigial pluteal arm skeleton; 
here, band segments are interpreted as expres-
sions of epaulets (specialized ciliated swimming 
structures) rather than the feeding ciliated band 
of the pluteus (Emlet  1995 ).  Phylacanthus impe-
rialis  has a yolky nonfeeding pluteus with a 
reduced number of arms (Olson et al.  1993 ).  

 Many studies in the last decade have been per-
formed to elucidate the molecular basis of terri-
tory specifi cation in the sea urchin embryo (see 
diagram of basic tenets in Fig.  1.6 ). These studies 
have demonstrated the interplay between signal-
ing events and gene regulatory interactions which 
underlie the specifi cation and patterning of the sea 
urchin larval nervous system in species with feed-
ing larvae (for review, see Angerer et al.  2011 ); 
the specifi cation of the embryo left-right axis 
(Molina et al.  2013 ); the specifi cation, formation, 
and patterning of the larval skeleton (for review, 
see McIntyre et al.  2014 ); and, possibly at an even 
deeper level of detail, the specifi cation of the 
endomesoderm and its derived structures. Because 
the regulation of morphogenesis of the gastroin-
testinal system is a key innovation in metazoan 
evolution, endoderm specifi cation is described in 
detail here, both for sea urchin and for other echi-
noderm embryos. 

 Endodermal and mesodermal cell types often 
share a common cell lineage in bilaterian  animals, 

forming the so-called endomesoderm, and sea 
urchins are no exception. The endomesoderm pre-
cursor cells initially have the potential to develop 
either as mesodermal or endodermal cells until 
their cell fates become spatially segregated by the 
exclusive activation of different specifi cation pro-
grams activated in different subsets of them. 

 The endomesoderm lineages emerge from the 
vegetal plate and form four distinct embryonic 
lineages: small micromeres, skeletogenic meso-
derm, non-skeletogenic mesoderm, endoderm. 
The fourth cleavage, as already mentioned (see 
also Fig.  1.6A ), is uneven and results in small and 
large tiers of cells, the micromeres and macro-
meres, respectively. At fi fth cleavage, the micro-
meres divide further, giving rise to small and 
large micromeres. The small micromeres, which 
reside at the polar center of the vegetal plate 
where they will divide only once more during the 
blastula stage, remain as “set aside cells” at the 
tip of the archenteron during gastrulation. At a 
later larval stage, these cells move into the coelo-
mic pouches, where they seem to contribute to 
the formation of the adult rudiment (Cameron 
and Davidson  1991 ; Juliano et al.  2010 ). The sis-
ter cells of the small micromeres, the large micro-
meres or skeletogenic mesenchyme cells, give 
rise to the skeletogenic mesoderm which will 
eventually form the skeleton of the pluteus larva. 

 The macromere descendants will give rise to 
non-skeletogenic mesoderm, endoderm, and 

A B C

  Fig. 1.7    Developmental stages of  Heliocidaris erythro-
gramma , a species with nonfeeding larvae. ( A ) Seventy-
two- hour-old reduced pluteus. ( B ) Ninety-six-hour-old 

metamorphosing larva. ( C ) Seven-day-old juvenile. 
Length of larvae in ( A ) and ( B ) is 400 μm; diameter of 
juvenile in ( C ) is 500 μm. (courtesy of Paula Cisternas)       

 

M.I. Arnone et al.



19

some ectodermal cells, with very complex molec-
ular events driving the specifi cation of each of 
these germ layers. The fi rst segregation event 
leads to the veg1 and veg2 lineages at the sixth 
cleavage stage. The veg2 layer of cells will give 
rise to the non-skeletogenic mesoderm and the 
endoderm, whereas from the veg1 parts of the 
endoderm and the ectoderm will be formed 
(Fig.  1.8A ). When they are born, the circular 
eight-cell veg2 tier abuts the polar micromere- 
derived cells and the eight-cell veg1 tier overlies 
the veg2 tier. In these embryos the veg2 lineage 
consists of two concentric rings of cells, the inner 
ring destined to become mesoderm and the outer 
ring destined to become oral endoderm.  

 At the blastula stage, the cells of the four lin-
eages which form four concentric domains within 
the vegetal plate can be distinguished. At the 
 center are the small micromere descendants, 
 surrounding them are the skeletogenic cells, and 
abutting them are the veg2 and, more peripher-
ally, the veg1 rings of cells (Davidson et al.  2002 ; 
Peter and Davidson  2010 ). The tier of cells closer 
to the micromere descendants becomes the non- 
skeletogenic mesoderm and will, eventually, give 
rise to three distinct mesodermal lineages: pig-
ment cells, blastocoelar cells, and muscle cells. 
These mesodermal cells are also called second-
ary mesenchyme cells (SMCs) (Fig.  1.8B, C ; 
Cameron et al.  1991 ). 
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  Fig. 1.8    Sea urchin endomesoderm specifi cation. ( A ) 
Diagram showing the fl ow of information during the pro-
cess of endoderm specifi cation. Different embryonic ter-
ritories are color-coded. Signaling processes occurring 
between different territories are marked with  arrows . Next 
to the  arrows , the temporal frames in which these interac-
tions happen are given. The horizontal axis represents the 
spatial organization of the different territories, from cen-
tral ( left side ) to distal domains ( right side ). The temporal 

arrangement of embryonic stages is represented along the 
vertical axis. ( B ,  C ) Schematic representation of embry-
onic domains seen from a vegetal view. Different colors 
label rings of cells with similar embryonic fates. 
( B ) Territorial fates of cells at 7th cleavage. ( C ) Cellular 
fates at 8th cleavage. The color codes are indicated in the 
 bottom right  legend (Adapted and modifi ed from Peter 
and Davidson ( 2010 ))       
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 The next event, at around 20 h post fertiliza-
tion (at 15 °C) in  S. purpuratus , is the ingression 
of the 16 descendants of the large micromeres 
into the blastocoel, which will fuse later on and 
form the skeleton. These cells are called primary 
mesenchyme cells (PMCs), because they are the 
fi rst ones to ingress into the blastocoel (Burke 
et al.  1991 ). As the PMCs ingress, the SMC pre-
cursors, which encircle the PMCs, move to 
occupy the space vacated by these ingressing 
cells. The movements displace the SMC precur-
sors towards the center of the vegetal plate 
(Fig.  1.6C ). During gastrulation, together with 
the small micromeres, these cells will be part of 
the tip of the archenteron (Fig.  1.6D ). 

 According to a detailed fate map study, per-
formed in the species  Lytechinus variegatus  
(Ruffi ns and Ettensohn  1996 ) and in part con-
fi rmed by gene expression studies in both 
 Lytechinus variegatus  and  Strongylocentrotus 
purpuratus , the SMC precursors are partially 
segregated and differentially distributed in the 
vegetal plate of the mesenchyme blastula stage 
embryo. This suggests that developmental deci-
sions regarding the specifi cation of SMC precur-
sors are being made during the interval between 
the stages of the hatched blastula and the late 
mesenchyme blastula. The pigment cell and the 
blastocoelar cell precursors show an asymmetric 
distribution within the vegetal plate, with the fi rst 
to be found usually facing the future aboral 
 ectoderm and the second facing the future oral 

 ectoderm. When it comes to the muscle cell pro-
genitors, a less clear distribution is observed, 
mostly due to the failure of scoring myoblasts 
independently from nearby foregut cells (Ruffi ns 
and Ettensohn  1996 ). Recent studies suggest that 
myoblast precursors are indeed specifi ed later on, 
soon after having undergone epithelial mesen-
chyme transition at the very early gastrula stage 
(Andrikou et al.  2013 ).  

    Development of Asteroidea 
(Sea Stars) 

 Although sea stars are not as extensively studied 
as the sea urchins, the embryo of the sea star 
 Patiria miniata , a species with a feeding larva, has 
been investigated over the last decade for analysis 
of gene expression during embryogenesis (Hinman 
et al.  2003a ; Hinman and Davidson  2007 ; 
McCauley et al.  2010 ). Given that its genome is 
currently being sequenced,  Patiria  may now be 
considered a sea star developmental model organ-
ism. Here, a review on the development of  Patiria 
miniata  is provided based on Hinman et al. 
( 2003b ). Figure  1.9  shows the developmental pro-
gression of  P. miniata  from oocyte to bipinnaria 
and brachiolaria larvae. As is typical for echino-
derms, cleavage is equal (although in  P. miniata  it 
is not strictly stereotypic) and the 16-cell embryo 
generally consists of equal-sized blastomeres 
(Fig.  1.9B ). Also like sea urchins, sea star early 

  Fig. 1.9    Development of Asteroidea. ( A ,  B ) Early cleav-
age stages, animal pole towards the  top . As in sea urchins, 
vegetal blastomeres give rise to endomesoderm ( yellow  and 
 red ), while the animal blastomeres become ectoderm 
( blue ). Cleavage is equal in sea stars, as typical of most 
echinoderms, and micromeres are not formed. ( C ) Blastula, 
lateral view. A thickening at the vegetal pole, the vegetal 
plate, is noticeable. Unlike sea urchins, no mesoderm has 
ingressed before gastrulation starts. ( D ) Mid-gastrula, mes-
enchyme cells ( red ) migrate from the top of the archen-
teron. ( E ) Lateral view of an early bipinnaria larva; oral 
surface is to the  right . The archenteron curves towards the 
involuting ectoderm of the oral plate, the anterior coeloms 
( orange ) extend vegetally. ( F )  Patiria miniata  bipinnaria 

larva, lateral view after 3 days of development. 
Regionalization of the digestive tube is evident from both 
morphology and ParaHox gene expression patterns:  PmLox  
expression ( green ) marks the anterior part and  PmCdx  
( magenta ) the posterior part of the intestine. Length of 
larva = 300 μm. ( G ) Fluorescence immunostaining with an 
antibody against acetylated tubulin ( magenta)  which 
reveals the distribution of cilia in the 8-day-old bipinnaria 
larva, oral view. Length of larva = 400 μm. ( H ) Schematic 
depiction of a brachiolaria larva (Courtesy of Santiago 
Valero-Medranda), highlighting the digestive system 
( yellow / orange ) and ciliary bands ( purple ; see inset). 
Abbreviations:  ac  anterior coelom,  an  anus,  cb  ciliary 
band,  in  intestine,  mo  mouth,  es  esophagus,  st  stomach       
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embryos can be seen as divided into an1, an2, 
veg1, and veg2 cell lineages. Because cleavage is 
equal, sea star embryos do not form micromeres. 
In the fully formed blastula, the ectoderm is cov-
ered with cilia and the embryos start to rotate 
within the fertilization envelope, about 1 h before 
hatching, which is at around 26 h at 15 °C. Prior to 
 gastrulation, a thickened vegetal plate appears 
(Fig.  1.9C ). Similar to sea urchins, this is the 
region from which all endodermal- and mesoder-
mal-derived structures will develop. Remarkably, 
gene orthologs of many of the regulatory genes 
expressed in the sea urchin endomesodermal ter-
ritories are also expressed in the presumptive 
endoderm and mesoderm of sea stars (Hinman 
et al.  2003a ; Hinman and Davidson  2007 ; 
McCauley et al.  2010 ). However, because sea star 
larvae do not form a skeleton, the genes that con-
trol skeletogenic mesoderm formation in sea 
urchin larvae are found to be absent, or expressed 
very differently, in sea star larvae. See Table  1.2  
for details. 

   Gastrulation occurs via sequential invagina-
tion from the inner- to outermost cells in the veg-
etal plate. Cell labeling experiments in  Asterina 
pectinifera  indicate that the early part of the 
invaginating archenteron, which derives from the 
veg2 lineage, contributes to the formation of the 
rounded top of the archenteron in mid to late gas-
trulae and also to the anterior coeloms plus the 
esophagus of the bipinnaria larva. Later invagi-
nating veg2 cells will contribute to the formation 
of the stomach, while the hindgut derives, in 
part, from the still later invagination of the veg1 
cells (Kuraishi and Osanai  1992 ). Mesenchyme 
cells migrate from the top of the archenteron dur-
ing gastrulation, but unlike in sea urchins, many 
presumptive mesoderm cells remain associated 
with the archenteron for a longer period 
(Fig.  1.9D ), developing later on into prominent 
anterior coeloms on either side of the bipinnaria 
larval esophagus (Fig.  1.9E ; Byrne and Barker 
 1991 ). While several blastocoelar cells are gen-
erated during gastrulation and remain as scat-
tered cells into the blastocoel at later stages, 
pigment cells do not form in sea star embryos, 
which thus develop into completely transparent 
larvae. 

 In the late bipinnaria larva, the mouth is fully 
formed and the gut tube is clearly divided into 
esophagus, stomach, and intestine, which opens 
posteriorly through the anus (Fig.  1.9F ). In 
 Patiria miniata , similarly to  Strongylocentrotus 
purpuratus , patterning of the gut tube is evident 
before any morphological signs are evident: for 
instance, two ParaHox genes,  PmLox  and  PmCdx,  
are expressed in staggered domains of the early 
intestine, with only partial overlap (Annunziata 
et al.  2013 ; see Table  1.2  for comparison). By the 
late bipinnaria larval stage, ciliated cells distrib-
uted over the ectoderm at earlier stages have 
coalesced into two distinct bands, one that loops 
above the mouth and one below it, the latter 
extending from the ventral surface to the anterior, 
dorsal margins of the ectoderm. As in all echino-
derm larvae, cilia can be visualized using an anti-
body against acetylated α-tubulin (Fig.  1.9G ). It 
is interesting to note that similarly to echinoplu-
teus larvae, bipinnaria larvae have an apical con-
centration of serotonergic neurons (Byrne et al. 
 2007 ). Neurons lie beneath the two loops of the 
ciliated epithelium and innervate the bands 
(Nakajima et al.  2004 ). These neurons coordinate 
the action of the cilia to enable the larvae to swim 
and feed in response to the environmental cues 
provided in the water column. Recently, the spec-
ifi cation process and the gene regulatory network 
that describes the distribution of ciliary band- 
associated neurons in the sea star bipinnaria larva 
have been described (Yankura et al.  2013 ). This 
process involves genes such as  soxB1 ,  soxC , 
 nk2.1 , and  six3 , as well as the involvement of 
Delta-Notch signaling, which can be regarded as 
common features of nephrozoan neurogenesis 
(Burke et al.  2014 ; see also Table  1.2 ). 

 Taken together, both asteroid and echinoid feed-
ing larvae form morphologically similar digestive 
tracts. While endomesoderm is derived from the 
vegetal pole of both sea star and sea urchin embryos, 
the formation of mesoderm  differs remarkably in 
these two echinoderm representatives: sea urchins 
have at least two mesodermal cell types, pigment 
cells and micromere- derived skeletogenic meso-
derm, which are absent in the larval sea star. 
However, the major difference between sea star and 
sea urchin feeding larvae is that the latter produces 

M.I. Arnone et al.



23

          Ta
b

le
 1

.2
  

  M
ai

n    
do

m
ai

ns
 o

f 
ex

pr
es

si
on

 o
f 

ge
ne

s 
in

 e
ch

in
od

er
m

 d
ev

el
op

m
en

t 
ba

se
d 

on
 d

at
a 

fr
om

 i
n 

si
tu

 h
yb

ri
di

za
tio

n 
w

ith
 a

 f
oc

us
 o

n 
tr

an
sc

ri
pt

io
n 

fa
ct

or
s 

in
vo

lv
ed

 i
n 

ax
ia

l 
pa

tte
rn

in
g,

 e
nd

om
es

od
er

m
 s

pe
ci

fi c
at

io
n,

 a
nd

 n
eu

ro
ge

ne
si

s   

 G
en

e 

 C
la

ss
 

 E
ch

in
oi

de
a 

 A
st

er
oi

de
a 

 H
ol

ot
hu

ro
id

ea
 

 O
ph

iu
ro

id
ea

 
 C

ri
no

id
ea

 

  ho
x3

  
 O

ra
l m

es
od

er
m

 o
f 

ju
ve

ni
le

: 
de

nt
al

 s
ac

s,
 s

pi
ne

s 
an

d 
be

ne
at

h 
ep

in
eu

ra
l f

ol
ds

 
(A

re
na

s-
M

en
a 

et
 a

l. 
19

98
; 

M
or

ri
s 

an
d 

B
yr

ne
  2

00
5 )

 

 N
.A

. 
 N

.A
. 

 N
.A

. 
 N

.A
. 

  ho
x4

  
 N

.P
. 

 A
nt

er
io

r 
co

el
om

, r
ig

ht
 a

nd
 

le
ft

 c
oe

lo
m

, h
yd

ro
co

el
; 

Ju
ve

ni
le

 c
oe

lo
m

ic
 

ep
ith

el
iu

m
 (

C
is

te
rn

as
 a

nd
 

B
yr

ne
  2

00
9 )

 

 N
.A

. 
 N

.A
. 

 N
.A

. 

  ho
x5

  
 Ju

ve
ni

le
 r

ud
im

en
t 

ep
ith

el
iu

m
 o

f 
ep

in
eu

ra
l 

fo
ld

s,
 p

ri
m

ar
y 

po
di

a 
(M

or
ri

s 
an

d 
B

yr
ne

  2
00

5 ;
  2

01
4 )

 

 N
.A

. 
 N

.A
. 

 N
.A

. 
 E

nd
om

es
od

er
m

 o
f 

au
ri

cu
la

ri
a 

la
rv

a 
(H

ar
a 

et
 a

l. 
 20

06
 ) 

  ho
x7

  
 So

m
at

oc
oe

l a
nd

 e
pi

ne
ur

al
 

ca
na

l o
f 

pr
es

um
pt

iv
e 

ju
ve

ni
le

 (
Pe

te
rs

on
 e

t a
l. 

 20
00

a )
 

 N
.A

. 
 N

.A
. 

 N
.A

. 
 E

nd
om

es
od

er
m

 o
f 

au
ri

cu
la

ri
a 

la
rv

a 
(H

ar
a 

et
 a

l. 
 20

06
 ) 

  ho
x8

, h
ox

9/
10

  
 So

m
at

oc
oe

l o
f 

pr
es

um
pt

iv
e 

ju
ve

ni
le

 (
A

re
na

s-
M

en
a 

et
 a

l. 
 20

00
 ) 

 N
.A

. 
 N

.A
. 

 N
.A

. 
 E

nd
om

es
od

er
m

 o
f 

au
ri

cu
la

ri
a 

la
rv

a 
(H

ar
a 

et
 a

l. 
 20

06
 ) 

  ho
x1

1/
13

a  
 So

m
at

oc
oe

l o
f 

pr
es

um
pt

iv
e 

ju
ve

ni
le

 (
A

re
na

s-
M

en
a 

et
 a

l. 
 20

00
 );

 V
es

tib
ul

e 
ro

of
 

ep
ith

el
iu

m
 (

M
or

ri
s 

an
d 

B
yr

ne
  2

00
5 )

 

 N
.A

. 
 N

.A
. 

 N
.A

. 
 N

.A
. 

  ho
x1

1/
13

b  
 M

os
t p

os
te

ri
or

 e
m

br
yo

ni
c 

en
do

de
rm

 (
A

re
na

s-
M

en
a 

et
 a

l. 
 20

06
 );

 a
nt

er
io

r 
en

do
de

rm
 a

nd
 m

es
od

er
m

 o
f 

la
te

 la
rv

a 
an

d 
so

m
at

oc
oe

l, 
an

us
, a

nd
 s

pi
ne

s 
of

 
pr

es
um

pt
iv

e 
ju

ve
ni

le
 

(A
re

na
s-

M
en

a 
et

 a
l. 

 20
00

 ) 

 M
os

t p
os

te
ri

or
 e

m
br

yo
ni

c 
en

do
de

rm
 (

H
in

m
an

 e
t a

l. 
 20

03
a )

 

 N
.A

. 
 N

.A
. 

 N
.A

. 

(c
on

tin
ue

d)

1 Echinodermata



24

  gs
x  

 E
m

br
yo

ni
c 

ec
to

de
rm

 
(s

ca
tte

re
d 

ce
lls

) 
(A

rn
on

e 
et

 a
l. 

 20
06

 ) 

 N
ot

 e
xp

re
ss

ed
 d

ur
in

g 
em

br
yo

ni
c 

de
ve

lo
pm

en
t 

(A
nn

un
zi

at
a 

et
 a

l. 
 20

13
 ) 

 N
.A

. 
 N

.A
. 

 N
.A

. 

  xl
ox

  
 Po

st
er

io
r 

em
br

yo
ni

c 
en

do
de

rm
 (

A
rn

on
e 

et
 a

l. 
 20

06
 ) 

 Po
st

er
io

r 
em

br
yo

ni
c 

en
do

de
rm

 (
A

nn
un

zi
at

a 
et

 a
l. 

 20
13

 ) 

 N
.A

. 
 N

.A
. 

 N
.A

. 

  cd
x  

 M
os

t p
os

te
ri

or
 e

m
br

yo
ni

c 
en

do
de

rm
 (

A
rn

on
e 

et
 a

l. 
 20

06
 ) 

 M
os

t p
os

te
ri

or
 e

m
br

yo
ni

c 
en

do
de

rm
 (

A
nn

un
zi

at
a 

et
 a

l. 
 20

13
 ) 

 N
.A

. 
 N

.A
. 

 N
.A

. 

  ot
x  

 E
m

br
yo

ni
c 

en
do

de
rm

 a
nd

 
ci

lia
ry

 c
el

ls
(G

an
 e

t a
l. 

 19
95

 ; Y
uh

 e
t a

l. 
 20

02
 ; 

N
ie

ls
en

 e
t a

l. 
 20

03
 );

 
ju

ve
ni

le
 n

er
ve

 r
in

g 
an

d 
po

di
a 

(M
or

ri
s 

et
 a

l. 
 20

04
 ; 

M
or

ri
s 

an
d 

B
yr

ne
  2

00
5 )

 

 E
m

br
yo

ni
c 

an
d 

la
rv

al
 

en
do

de
rm

, c
oe

lo
m

s,
 a

nd
 

ci
lia

ry
 c

el
ls

 (
Sh

og
uc

hi
 e

t a
l. 

 20
00

 ; E
lia

 e
t a

l. 
 20

10
 ) 

 

 E
m

br
yo

ni
c 

en
do

de
rm

 a
nd

 
ci

lia
ry

 c
el

ls
 (

H
in

m
an

 e
t a

l. 
 20

03
b )

 

    E
m

br
yo

ni
c 

ec
to

de
rm

, g
ut

, 
an

d 
ci

lia
ry

 c
el

ls
 (

D
.V

. 
D

yl
us

 a
nd

 P
. O

liv
er

i, 
 20

14
  

un
pu

bl
is

he
d)

; b
la

st
em

a 
an

d 
re

ge
ne

ra
tin

g 
ar

m
 

(A
. C

za
rk

w
ia

ni
 a

nd
 P

. 
O

liv
er

i, 
 20

14
  u

np
ub

lis
he

d)
 

 E
nd

od
er

m
 (

en
te

ri
c 

sa
c)

 o
f 

th
e 

au
ri

cu
la

ri
a 

la
rv

a 
(O

m
or

i 
et

 a
l. 

 20
11

 ) 

  ga
ta

1/
2/

3 
(g

at
ac

)  
 E

m
br

yo
ni

c 
no

n-
 

sk
el

et
og

en
ic

 m
es

od
er

m
 

(D
av

id
so

n 
et

 a
l. 

 20
02

 ; 
So

le
k 

et
 a

l. 
 20

13
 ) 

 E
m

br
yo

ni
c 

m
es

od
er

m
 

(H
in

m
an

 e
t a

l. 
 20

03
a )

 
 E

m
br

yo
ni

c 
no

n-
 

sk
el

et
og

en
ic

 m
es

od
er

m
 

(M
cC

au
le

y 
et

 a
l. 

 20
12

 ) 

 E
m

br
yo

ni
c 

no
n-

 sk
el

et
og

en
ic

 
m

es
od

er
m

 (
D

.V
. D

yl
us

 a
nd

 
P.

 O
liv

er
i, 

 20
14

  
un

pu
bl

is
he

d)
; b

la
st

em
a 

of
 

re
ge

ne
ra

tin
g 

ar
m

 
(C

za
rk

w
ia

ni
 e

t a
l. 

 20
13

 ) 

 N
.A

. 

  ga
ta

4/
5/

6 
(g

at
ae

)  
 E

m
br

yo
ni

c 
en

do
m

es
od

er
m

 
(L

ee
 a

nd
 D

av
id

so
n 

 20
04

 ) 
 E

m
br

yo
ni

c 
en

do
m

es
od

er
m

 
(H

in
m

an
 e

t a
l. 

 20
03

a )
 

 E
m

br
yo

ni
c 

en
do

m
es

od
er

m
 

(M
cC

au
le

y 
et

 a
l. 

 20
12

 ) 
 E

m
br

yo
ni

c 
en

do
de

rm
 a

nd
 

no
n-

sk
el

et
og

en
ic

 m
es

od
er

m
 

(D
.V

 D
yl

us
 a

nd
 P

. O
liv

er
i, 

 20
14

  u
np

ub
lis

he
d)

 

 N
.A

. 

  fo
xa

  
 E

m
br

yo
ni

c 
en

do
de

rm
 

(D
av

id
 e

t a
l. 

 19
99

 ; O
liv

er
i 

et
 a

l. 
 20

06
 ) 

 E
m

br
yo

ni
c 

en
do

de
rm

 
(H

in
m

an
 e

t a
l. 

 20
03

a )
 

 E
m

br
yo

ni
c 

en
do

de
rm

 
(M

cC
au

le
y 

et
 a

l. 
 20

12
 ) 

 E
m

br
yo

ni
c 

en
do

de
rm

 
(D

.V
 D

yl
us

 a
nd

 P
. O

liv
er

i, 
 20

14
   u

np
ub

lis
he

d)
 

 N
.A

. 

Ta
b

le
 1

.2
 

(c
on

tin
ue

d)

G
en

e

C
la

ss

E
ch

in
oi

de
a

A
st

er
oi

de
a

H
ol

ot
hu

ro
id

ea
O

ph
iu

ro
id

ea
C

ri
no

id
ea

M.I. Arnone et al.



25

  tb
r  

 E
m

br
yo

ni
c 

sk
el

et
og

en
ic

 
m

es
od

er
m

 (
C

ro
ce

 e
t a

l. 
 20

01
 ) 

 E
m

br
yo

ni
c 

m
es

od
er

m
 

(H
in

m
an

 e
t a

l. 
 20

03
a )

 
 E

m
br

yo
ni

c 
no

n-
 

sk
el

et
og

en
ic

 m
es

od
er

m
 

(M
cC

au
le

y 
et

 a
l. 

 20
12

 ) 

 E
m

br
yo

ni
c 

en
do

m
es

od
er

m
 

(D
yl

us
 a

nd
 O

liv
er

i, 
un

pu
bl

is
he

d)
 

 N
.A

. 

  et
s1

/2
  

 E
m

br
yo

ni
c 

m
es

od
er

m
 

(K
ur

ok
aw

a 
et

 a
l. 

 19
99

 ; 
R

iz
zo

 e
t a

l. 
 20

06
 ) 

 E
m

br
yo

ni
c 

m
es

od
er

m
 

(H
in

m
an

 e
t a

l. 
 20

03
a )

 
 E

m
br

yo
ni

c 
m

es
od

er
m

 
(M

cC
au

le
y 

et
 a

l. 
 20

12
 ) 

 E
m

br
yo

ni
c 

en
do

m
es

od
er

m
 

(D
yl

us
 a

nd
 O

liv
er

i, 
un

pu
bl

is
he

d)
; b

la
st

em
a 

of
 

re
ge

ne
ra

tin
g 

ar
m

 
(C

za
rk

w
ia

ni
 e

t a
l. 

 20
13

 ) 

 N
.A

. 

  pa
x6

  
 E

m
br

yo
ni

c 
co

el
om

ic
 

m
es

od
er

m
 (

Y
an

ku
ra

 e
t a

l. 
 20

10
 );

 J
uv

en
ile

 b
as

e 
of

 
po

di
a 

(U
llr

ic
h-

L
ut

er
 e

t a
l. 

 20
11

 ) 

 E
m

br
yo

ni
c 

ap
ic

al
 e

ct
od

er
m

 
an

d 
co

el
om

ic
 m

es
od

er
m

 
(Y

an
ku

ra
 e

t a
l. 

 20
10

 ) 

 N
.A

. 
 N

.A
. 

 M
es

od
er

m
 (

po
st

er
io

r 
ax

io
co

el
) 

of
 th

e 
au

ri
cu

la
ri

a 
la

rv
a 

(O
m

or
i e

t a
l. 

 20
11

 ) 

  si
x3

  
 E

m
br

yo
ni

c 
an

im
al

 p
ol

e 
ec

to
de

rm
 (

Po
us

tk
a 

et
 a

l. 
 20

07
 ; W

ei
 e

t a
l. 

 20
09

 ) 

 E
m

br
yo

ni
c 

ap
ic

al
 e

ct
od

er
m

 
(Y

an
ku

ra
 e

t a
l. 

 20
10

 ) 
 N

.A
. 

 N
.A

. 
 M

es
od

er
m

 (
an

te
ri

or
 

ax
io

co
el

) 
of

 th
e 

au
ri

cu
la

ri
a 

la
rv

a 
(O

m
or

i e
t a

l. 
 20

11
 ) 

  so
xC

  
 E

m
br

yo
ni

c 
an

im
al

 p
ol

e 
an

d 
or

al
 n

eu
ro

ge
ni

c 
ec

to
de

rm
 

(H
ow

ar
d-

A
sh

by
 e

t a
l. 

 20
06

 ; 
Po

us
tk

a 
et

 a
l. 

 20
07

 ) 

 E
m

br
yo

ni
c 

ne
ur

og
en

ic
 

ec
to

de
rm

 (
Y

an
ku

ra
 e

t a
l. 

 20
13

 ) 

 N
.A

. 
 N

.A
. 

 N
.A

. 

  nk
2.

1  
 E

m
br

yo
ni

c 
an

im
al

 p
ol

e 
ec

to
de

rm
 (

Ta
ka

cs
 e

t a
l. 

 20
04

 ) 

 E
m

br
yo

ni
c 

an
im

al
 p

ol
e 

ec
to

de
rm

 (
Y

an
ku

ra
 e

t a
l. 

 20
13

 ) 

 N
.A

. 
 N

.A
. 

 N
.A

. 

  en
g  

 E
m

br
yo

ni
c 

m
es

od
er

m
, 

ci
lia

ry
 b

an
d;

 ju
ve

ni
le

 p
od

ia
 

(N
ie

ls
en

 e
t a

l. 
 20

03
 ) 

 L
ar

va
l c

oe
lo

m
s,

 h
yd

ro
co

el
; 

ju
ve

ni
le

 n
er

ve
 r

in
g,

 r
ad

ia
l 

ne
rv

e 
ch

or
d,

 a
nd

 p
od

ia
 

(B
yr

ne
 e

t a
l. 

 20
05

 ) 

 N
.A

. 
 N

.A
. 

 N
.A

. 

   N
.A

.  d
at

a 
no

t a
va

ila
bl

e,
  N

.P
.  g

en
e 

no
t p

re
se

nt
  

1 Echinodermata



26

a skeleton during embryogenesis, on which larval 
shape depends, whereas asteroid embryos and lar-
vae entirely lack this structure. 

 A vast diversity of asteroids develop through 
nonfeeding larvae. Details of embryology, larval 
development and larval plus juvenile nervous 
system formation in these asteroids are also avail-
able for several species (Byrne  1996 , McEdward 
et al.  2002  and Elia et al.  2009 ). Asteroids with 
nonfeeding larvae completely lack the bipinnaria 
stage and are generally divided into the barrel- 
shaped larvae as seen in  Astropecten  species or 
the yolky brachiolaria larvae of some asterinid 
species (e.g.,  Meridiastra calcar ) (Byrne  1996 ; 
McEdward et al.  2002 ). Some of the strangest 
larvae are the benthic brachiolaria of  Leptasterias 
hexactis  and  Parvulastra exigua  where the bra-
chiolarial arms appear as three feet-like struc-
tures that maintain a tenacious attachment to the 
substratum (Byrne  1996 ; McEdward et al.  2002 ).  

    Development of Holothuroidea 
(Sea Cucumbers) 

 Several sea cucumber species have been the sub-
ject of embryological studies (reviewed in Hyman 
 1955 ; Smiley et al.  1991 ), in particular species of 
the Stichopodidae (e.g.,  Stichopus ,  Apostichopus , 
and  Parastichopus  species) (Holland  1981 ; Smiley 
 1986 ; Shoguchi et al.  2000 ). A comprehensive 
gene expression analysis during development in 
 Parastichopus parvimensis  is available (McCauley 
et al.  2012 ), rendering this species a reference 

model for the development of holothurians. Thus, 
development of this species is reviewed here. 

 Cleavage of  Parastichopus parvimensis  is 
equal and little cell-cell adhesion is seen between 
the blastomeres (Fig.  1.10A, B ). Divisions are 
not synchronous. Blastulae are formed by 16 h 
(at 15 °C) after fertilization and hatch from the 
fertilization envelope at around 26 h. Prior to gas-
trulation, the embryos elongate along the animal- 
vegetal axis, with a thickening observed at the 
vegetal pole, which is termed the vegetal plate. 
The shape of the sea cucumber blastula closely 
resembles the one in sea stars, but unlike the lat-
ter, mesenchyme cells ingress from the vegetal 
plate before invagination of the archenteron 
occurs (Fig.  1.10C ). During gastrulation, while 
most mesenchyme remains associated with the 
tip of the archenteron, a few cells migrate to 
take up positions near the blastopore. At the 
 mid- gastrula stage, around 48 h of development, 
the gut has elongated, the mesenchyme has begun 
to migrate, and additional mesenchymal cells 
delaminate from the tip of the archenteron 
(Fig.  1.10D ). At this stage, three distinct popula-
tions of mesenchyme cells can be identifi ed by 
their specifi c regulatory signatures (McCauley 
et al.  2012 ): a skeletogenic mesenchyme cell 
type, which, as in sea urchins, uniquely expresses 
the gene  alx1  (a gene expressed in all mesoder-
mal precursors of the sea star embryo) and two 
types of blastocoel cells which differ from each 
other by the expression of  gcm , a gene which is 
exclusively expressed in pigmented cell precur-
sors in the sea urchin embryo.  

  Fig. 1.10    Sea cucumber development. ( A ) As in sea 
urchins and sea stars, the vegetal blastomeres give rise to 
endomesoderm ( yellow  and  red ) in holothurians, while the 
animal blastomeres are destined to become ectoderm 
( blue ). ( B ) Cleavage is equal in  Parastichopus parvimen-
sis  and little cell-cell adhesion is seen between blasto-
meres. ( C ) Mesenchyme cells ingress into the blastocoel 
before gastrulation begins. In the vegetal plate of the mes-
enchyme blastula, presumptive endoderm ( yellow ) and 
mesoderm ( red  and  orange ) territories are already segre-
gated. ( D ) At the mid-gastrula stage (around 48 h post 
fertilization at 15 °C in  P. parvimensis ), the mesenchyme 
has begun to migrate, with additional mesenchymal cells 
ingressing from the archenteron. Different colors indicate 
the different mesodermal cell types: skeletogenic cells 

( purple ) and blastocoelar cells, expressing ( red ) or not 
( pink ), the  gcm  gene. Early 3-day ( E ) and 6-day ( F ,  P. 
parvimensis,  courtesy of Veronica Hinman) auricularia 
larvae display regionalized tripartite digestive tracts. 
Length of larva in ( F ) = 400 μm. A posterior coelom is 
evident near to the  left  side of the midgut, but no obvious 
anterior coeloms are detected. A small skeletal spicule is 
evident in the posterior part of the larva. ( G ) Schematic 
representation of an apodid auricularia larva (Courtesy of 
Santiago Valero-Medranda), highlighting the digestive 
system ( yellow / orange ), ossicles ( brown ), and ciliary 
band ( purple ; see inset for details). Abbreviations:  cb  cili-
ary band,  in  intestine,  mo  mouth,  es  esophagus,  pc  poste-
rior coelom,  sk  skeletal spicule,  st  stomach       
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 By 72 h of development at 15 °C, the mouth 
has formed and the embryo reaches the early 
auricularia larval stage (Fig.  1.10E ). The archen-
teron has differentiated into morphologically dis-
tinct fore-, mid-, and hindgut regions which later 
give rise to the esophagus, stomach, and intes-
tine, respectively, as seen in the 6-day auricularia 
larva (Fig.  1.10F ). Starting at the early auricu-
laria larva stage, presumptive muscle cells can be 
seen associated with the foregut and a thickened 
ciliary band is evident in the oral hood, looping 
above the anus. Also visible at these stages are 
the coelomic sacs: in particular and from the 
early auricularia larva stage, a posterior coelom 
is evident at the left side of the midgut. Auricularia 
larvae also display a hydroporic canal connecting 
the left coelomic sac with the dorsal surface of 
the larva, where the hydropore opens. In    some 
species, such as  Stichopus tremulus , the coelomic 
(distal) part of the archenteron sends tubular pro-
jections towards the dorsal surface to form the 
hydroporic canal as early as in the gastrula stage 
(Hyman  1955 ). The shape of the larval skeleton 
varies in auriculariae including the single poste-
rior spicule such as seen in  Stichopus  and 
 Holothuria  and the wheel-shaped ossicles in apo-
did larvae (Sewell and McEuen  2002 ; Ramafofi a 
et al.  2003 ; McCauley et al.  2012 ). 

 The auricularia larva further develops by 
incorporation of an elaborate ciliated band that 
extends around the body and projecting lobes 
(Fig.  1.10G ). The lobes formed by the band can 
become very numerous, although they never 
develop into distinct larval arms as in the later 
bipinnaria larvae of asteroids or the plutei of echi-
noids and ophiuroids (compare larvae in Fig.  1.4 ). 
The auricularia superfi cially resembles the bipin-
naria of asteroids, but the ciliary band in the for-
mer is organized as a continuous loop over the 
body, with a structure very similar to that in the 
tornaria larva of hemichordates (see Chapter   2    ), 
while in the bipinnaria of asteroids, it forms two 
unconnected loops, one smaller than the other 
(compare with Fig.  1.9G ). The auricularia larva 
also displays in its anterior-most region an apical 
organ which contains two groups of serotonergic 
neurons associated with the right and left por-
tions of the anterior ciliary band (Byrne et al. 

 2007 ). These neurons are fl ask-shaped and give 
rise to a serotonin-positive process. 

 A vast diversity of holothuroids develops 
through nonfeeding larvae. Details of their embry-
ology and larval development are available for 
several species (reviewed in Smiley et al.  1991 ; 
Sewell and McEuen  2002 ). All dendrochirotid sea 
cucumbers have a barrel-shaped doliolaria larva 
with rings of cilia (Sewell and McEuen  2002 ).  

    Development of Ophiuroidea 
(Brittle Stars) 

 In ophiuroids with small eggs, the embryos 
develop into a pluteus larva (the ophiopluteus) 
that superfi cially resembles the echinopluteus 
larva of echinoids. Several other morphological 
aspects of these embryos, such as the early ingres-
sion of mesenchyme before gastrulation and the 
prismatic shape of the late gastrula displaying 
two lateral clusters of mesenchymal cells produc-
ing triradiate spicules, are similar to sea urchin 
embryos. However, cladistic analyses indicate 
that the pluteus larva may have arisen indepen-
dently in ophiuroids and echinoids through a pro-
cess of convergent evolution (Littlewood et al. 
 1997 ; Smith  1997 ). In fact, a closer look at the 
development of brittle star embryos suggests that 
there are probably more differences than similari-
ties between these two echinoderm clades. 

 Artifi cial fertilization generally fails in ophiu-
roids and hence material for studying their early 
development must be obtained from natural 
spawning. This diffi culty, together with the opac-
ity of the embryos, explains the few available 
accounts of development in ophiuroids and why 
so little is known about the developmental pro-
cesses and the mechanisms that underlie their 
regional specifi cation. A recent study using fl uo-
rescent dyes and confocal imaging examined in 
great detail the early embryogenesis and cell fate 
specifi cation in  Ophiopholis aculeata  (Primus 
 2005 ). This species is therefore used herein as an 
example of brittle star development. However, 
the following description also takes into account 
some general features of brittle star embryos (see 
Hyman  1955 ; Hendler  1991 ). 

M.I. Arnone et al.

http://dx.doi.org/10.1007/978-3-7091-1856-6_2


29

  Ophiopholis aculeata  oocytes average 100–
105 μm in diameter when shed. Polar bodies are 
produced between 30 and 60 min after spawning 
at 12 °C. The fi rst three embryonic divisions in 

 O. aculeata  are equal (Fig.  1.11A ). A fate map 
constructed using microinjected lineage tracers 
indicates that there is a major segregation of 
ectodermal from endomesodermal fates at fi rst 
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  Fig. 1.11    Brittle star development. ( A ) Eight-cell stage 
showing unusual germ layer-specifi c contributions of 
each lineage (see  color code ). Vegetal pole is down. ( B ) 
 Ophiopholis aculeata  16-cell stage showing the close 
association between blastomeres (Primus  2005 ). ( C ) 
Mesenchyme blastula stage showing early ingression of 
skeletogenic mesenchyme cells prior to gastrulation. ( D ) 
Late gastrula stage. Two lateral clusters of skeletogenic 
mesenchyme cells are present at the site where triradiate 
spicules will form. ( E, F ) Ophiopluteus larva showing tri-

partite gut and elongated arms supported by skeletal rods. 
The larva in ( F ) is a 4-day-old  Amphiura fi liformis  larva 
(Courtesy of David Dylus and Paola Oliveri). Length of 
larva = 300 μm. ( G ) Schematic representation of the eight-
arm ophiopluteus larva (Courtesy of Santiago Valero-
Medranda) highlighting internal skeleton ( brown ) and 
digestive system ( yellow / orange ). The inset shows a detail 
of the ciliary band ( purple ). Abbreviations:  cs  coelomic 
sac,  es  esophagus,  in  intestine,  mo  mouth,  skr  skeletal rod, 
 st  stomach       
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cleavage, thus highlighting a fi rst major differ-
ence between this embryo (and probably in gen-
eral ophiuroid embryos) and the other 
echinoderms. Cleavage is equal in ophiuroids 
(Fig.  1.11B ). Cell divisions are synchronous. 
The cell lineage of the  O. aculeata  embryo has 
been determined through the 64-cell stage. 
Cleavage in  O. aculeata  also differs from that of 
sea urchins with regard to the spatial arrange-
ment of blastomeres in the early cleavage stages. 
Rather than being organized in orderly tiers, as is 
the case in sea urchins, early cleavage-stage 
embryos are typically arranged in a more com-
pact manner (see close contact between blasto-
meres in Fig.  1.11B ).  

 The  Ophiopholis aculeata  embryo forms a 
hollow blastula, the vegetal end of which fl attens 
to form a vegetal plate where the blastopore will 
open, which ultimately becomes the anus of the 
larva. Similarly to sea urchins and sea cucum-
bers, mesenchyme cells ingress from the vegetal 
plate into the blastocoel prior to the onset of gas-
trulation (Fig.  1.11C ). Following invagination, 
mesenchyme cells continue to be produced at the 
tip of the elongating archenteron, as in all the 
echinoderm classes examined so far. During gas-
trulation, numerous mesenchyme cells become 
localized in two lateral clusters and they will pro-
duce triradiate calcareous spicules that ultimately 
become the larval skeleton (Fig.  1.11D ). Similarly 
to what was done with the sea urchin embryo, in 
experiments performed as early as at the time of 
Hans Driesch (Driesch  1892 ), the distribution of 
developmental potential in the early  O. aculeata  
embryo was also examined by isolating different 
regions of the early embryo and following these 
isolates through larval development (Primus 
 2005 ). These analyses indicate that endomeso-
dermal potential segregates unequally at the fi rst, 
second, and third cleavages in  O. aculeata . As a 
result, the unusual fate map reported in Fig.  1.11  
was constructed; this highlights the differences in 
early development that exist between  O. aculeata  
(and most likely other ophiuroids) and other 
Echinodermata. It is interesting to note that also 
the embryos of hemichordates with feeding lar-
vae share the same early segregation of endome-
sodermal developmental potential observed in 

other echinoderm classes, thus making the early 
embryogenesis of ophiuroids an exceptional case 
within the Ambulacraria. 

 After gastrulation is completed, the tip of the 
archenteron differentiates as a thin-walled sac 
(Fig.  1.11D ) from which two coelomic sacs are 
formed. The gastrula broadens its blastoporal sur-
face and the ventral side becomes fl attened. From 
the ventral surface, and near the animal pole, a sto-
modeal invagination is produced that, once fused 
with the archenteron, will establish the usual 
L-shaped digestive tract that soon will differenti-
ate into esophagus, stomach, and intestine. By the 
fourth day of development, a pluteus larva with a 
tripartite gut and arms supported by calcareous 
spicules has formed (Fig.  1.11E, F ). This larval 
morphology becomes more complex by further 
elongation of the primary four arms and the devel-
opment of others, all supported by skeletal rods, 
and a well-defi ned ciliated band (Fig.  1.11G ). As 
previously pointed out, ophioplutei superfi cially 
resemble echinoplutei (Fig.  1.4 ); thus, a similar 
nomenclature is used for their arms. However, the 
arms are not  necessarily homologous between the 
two groups. Both generally have four pairs of 
arms, but there appears to be less variation in body 
form and number of larval arms in ophioplutei and 
the skeleton is generally less complex. Some addi-
tional morphological differences are seen in the 
larval body. While the bodies of ophioplutei are 
generally dorsoventrally fl attened, those of echi-
noplutei are often laterally fl attened. A striking 
difference between the ophioplutei and all other 
echinoderm larvae is that the ophioplutei do not 
present a clear apical concentration of serotoner-
gic neurons, which here are distributed in two lat-
eral ganglia with few cell bodies located within the 
ciliary band (Byrne et al.  2007 ). 

 A vast diversity of ophiuroids develops 
through nonfeeding larvae. The details of embry-
ology and larval development in these brittle stars 
are available for several species (reviewed in 
Selvakumaraswamy and Byrne  2006 ). The non-
feeding larvae of ophiuroids are morphologically 
diverse, ranging from species with nonfeeding 
yolky ophioplutei with a reduced number of arms 
to vitellaria larvae with patches or rings of cilia 
(Selvakumaraswamy and Byrne  2006 ).  
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    Development of Crinoidea (Sea Lilies 
and Feather Stars) 

 Crinoidea is the only echinoderm class that 
does not have any species with a feeding larva. 
Their early development, therefore, cannot be 
easily compared with the above descriptions. 
Crinoids include the feather stars and sea lil-
ies. Feather stars lose their stalk during devel-
opment, but sea lilies retain it throughout 
adulthood (Holland  1991 ). 

 Development of crinoids has been reported for 
several species (Holland  1991 ; Balser  2002 ; 
Nakano et al.  2003 ; Kohtsuka and Nakano  2005 ). 
The embryos and larvae of stalked crinoids (sea 
lilies), which are considered the most basal group 
of extant echinoderms (Foote  1999 ; Janies  2001 ), 
have been described only recently (Nakano et al. 
 2003 ), including several gene expression studies 
(Hara et al.  2006 ; Nakano et al.  2009 ; Omori 
et al.  2011 ). Due to the relevance of this group of 
animals for studies on the origin of the larval and 
adult body plan of echinoderms and all deutero-
stomes and because of the availability of these 
recent molecular studies, they have been chosen 
here as reference for crinoids development. 

 The sea lily  Metacrinus rotundus  develops 
through two successive larval stages: the fi rst is a 
nonfeeding auricularia stage with ciliary bands 
similar to those present in the auricularia and 
bipinnaria larvae of holothurians and asteroids 
(the dipleurula-type larva of the Ambulacraria); 
the second is a barrel-shaped doliolaria larva con-
taining circumferential ciliary bands (similar to 
the earliest larval stage of stalkless crinoids, the 
doliolaria of holothuroids, and the vitellaria of 
ophiuroids). Cleavage in  Metacrinus rotundus  is 
holoblastic, radial, and equal. By the 32-cell 
stage, a large pore forms in the vegetal area 
(arrowhead in Fig.  1.12B ), possibly equivalent to 
the pore found at the vegetal side of feather star 
embryos (Holland  1991 ). By 24 h (at 15 °C), a 
gastrula results from invagination at this vegetal 
pole (Fig.  1.12C ). During the next few hours the 
blastopore closes, while the embryo becomes 
uniformly ciliated and begins to rotate inside the 
fertilization envelope. The  M. rotundus  embryo 
hatches at the late gastrula stage (Fig.  1.12D ). 

Unlike what is observed for the gastrulae of the 
feather star  Antedon  (reviewed in Hyman  1955 ), 
no mesenchymal cells are detected in the blasto-
coel of  M. rotundus  at the early gastrula stage.  

 A few hours after closure of the blastopore, a 
circular constriction in the middle of the archen-
teron appears, that can now be regarded as a 
closed sac. Several rearrangements of this archen-
teral sac occur, which ultimately give rise to three 
separate sacs: the anterior “axo-hydrocoel” (Hara 
et al.  2006 ), which is the fi rst one to differentiate; 
the central “enteric sac”; and the posterior lobe, 
also called “presumptive somatocoel”. At this 
point, the embryo has reached the early auricu-
laria larval stage (Fig.  1.12E ). A few putative 
mesenchymal cells are observed in the blastocoe-
lar space, which contains the axo-hydrocoel, the 
middle part, and the posterior lobe. Thirty hours 
(at 15 °C) after blastopore closing, the presump-
tive somatocoel separates into left and right 
somatocoels, and the enteric sac elongates poste-
riorly, moving into a space between the left and 
right somatocoels. This larva, after 3 days of 
development, has reached the auricularia stage 
(Fig.  1.12F ). The overall shape of this larva, pos-
sessing an anterior and a posterior ciliated band, 
is reminiscent of that of the sea  cucumber auricu-
laria and the starfi sh bipinnaria larvae. In fact, 
although the ventral side of this larva is indented 
by a vestibular invagination, in the roof of which 
is a mouth invagination (Fig.  1.12F ), this is not 
connected with the rest of the gut. Similarly to 
what is observed in other echinoderm larvae, the 
left side of the axo-hydrocoel establishes commu-
nication with the exterior via a hydropore. 

 The expression patterns of genes known to 
have important roles in patterning metazoan 
embryos have been recently analyzed during 
 Metacrinus rotundus  development. These are the 
homologs of the Hox genes  hox5 ,  hox7 ,  hox8 , 
and  hox9/10  (Hara et al.  2006 ) as well as  six3 , 
 pax6 , and  otx  (Omori et al.  2011 ). All these genes 
appear to have a role in patterning the larval 
endomesoderm during early development in 
stalked crinoids (Fig.  1.12D–F ; see Table  1.2  for 
comparison with other echinoderms). 

 The  Metacrinus rotundus  auricularia larva 
has a short life and within a few days undertakes 
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  Fig. 1.12    Sea lily ( Metacrinus rotundus ,  A – G ) and 
feather star ( Antedon ,  H ) development. ( A ) Fertilized 
egg within a rough fertilization envelope. ( B ) Thirty-
two-cell embryo with putative vegetal pore ( arrowhead ). 
( C ) Approximate side view of a mid-gastrula (27.5 h 
post fertilization) showing the blastopore ( arrowhead ). 
( D–F ) Development and expression of Hox genes (rep-
resented as  yellow ,  pale orange ,  orange , and  dark 
orange  areas, corresponding to  MrHox5 ,  MrHox7 , 
 MrHox8 , and  MrHox9/10 , respectively),  MrSix3  ( green ), 
 MrPax6  ( pink ), and  MrOtx  ( blue ) in the endomesoderm 
of  M. rotundus  from late gastrula to auricularia larva. 

( G ) Ten-day  M. rotundus  doliolaria larva (Courtesy of 
Hiroaki Nakano) showing circumferential ciliary bands 
(1–4). Length of larva = 500 μm. ( H ) Schematic repre-
sentation of a feather star ( Antedon ) doliolaria larva 
(Courtesy of Santiago Valero-Medranda), highlighting 
adhesive pit ( top blue circle ), vestibule ( blue oval ), 
and ciliary bands ( purple ; see inset for details). 
Abbreviations:  a.hc.  axo-hydrocoel,  ar  archenteron,  bl  
blastocoel,  es  enteric sac,  ls  left somatocoel,  m  mouth, 
 ps  presumptive somatocoel,  rs  right somatocoel 
(Modifi ed and adapted from Nakano et al. ( 2003 ) ( A – C ) 
and Omori et al. ( 2011 ) ( D – F ))       

 

M.I. Arnone et al.



33

several morphogenetic transformations. The 
mouth invagination closes, the overall dimen-
sions of the larvae shrink, and the ciliary bands 
become rearranged as the auricularia transforms 
into the doliolaria. Some parts of the bands break 
up, whereas others fuse, eventually forming four 
circumferential ciliary bands. The 10-day-old 
larva has reached the typical barrel shape of a 
doliolaria larva and the doliolaria plus vitellaria 
of sea cucumbers and brittle stars, respectively 
(Fig.  1.12G, H ), similar to feather stars,   
(Holland 1991) and the dololaria and vilellaria 
of sea cucumbers and brittle stars, respectively 
(Byrne and Selvakumaraswamy 2002; Sewell 
and McEuen 2002).  

    Gene Regulatory Networks 
in Echinoderm Evolution 
and Development 

 The circuitry of endomesoderm specifi cation in 
the sea urchin embryo has been studied in detail 
and has led to the elaboration of a complex gene 
regulatory network (GRN) model that displays 
how endomesoderm development progresses 
from fertilization until 30 h post fertilization 
(hpf) at 15 °C (in  Strongylocentrotus purpura-
tus ), when the tissue has already been segregated 
into defi nitive endoderm and mesoderm 
(Davidson et al.  2002 ; Ransick and Davidson 
 2006 ; Croce and McClay  2010 ; Peter and 
Davidson  2010 ,  2011 ; Lhomond et al.  2012 ; 
Materna and Davidson  2012 ). This is possibly 
the best GRN so far described which accounts 
for a complex developmental process, in space 
and time, and it is here used as an example of 
how this functional approach can be applied to 
gain a better understanding of the development 
of an entire embryo or parts of it (see Vol. 1, 
Chapter   2    ). 

 The endomesoderm in the sea urchin embryo 
 Strongylocentrotus purpuratus , as mentioned 
above, derives at the sixth cleavage (about 7 hpf) 
in the vegetal half of the embryo from the veg2 
lineage, whereas from the veg1 lineage only the 
most part of the oral endoderm and ectoderm will 
form (see also Figs.  1.6  and  1.8 ). Then, at 18hpf, 

the veg2 lineage consists of two concentric rings 
of cells, the inner ring (veg2L) destined to 
become mesoderm and the outer ring (veg2U) 
destined to become endoderm. Using a system- 
wide  perturbation analysis approach, Davidson 
and collaborators have been able to provide a 
causal explanation for the dynamic process 
underlying the separation of the regulatory state 
leading to the different fates of the veg2 and veg1 
lineages plus the further partitioning of the veg2 
lineage in two distinct domains (rings), with their 
specifi c regulatory states. The dynamics of gene 
interactions happening in time and space within 
the endomesoderm is refl ected in a complex 
GRN that describes the process in unprecedented 
detail (  http://sugp.caltech.edu/endomes    ) 
(Fig.  1.13 ).  

 Within this GRN, three molecular compo-
nents constitute the core machinery of endome-
soderm segregation: the Delta/Notch pathway 
and the transcription factors  Sp-FoxA  and 
 Sp-Gcm . The Delta/Notch pathway regulates 
non-skeletogenic mesoderm (NSM) specifi cation 
(Sherwood and McClay  1999 ; Sweet et al.  2002 ). 
 Sp-Delta , the ligand of the pathway, is fi rst 
expressed in the skeletogenic mesoderm, the 
derivative of the large micromeres, at around 
8–9hpf, where it has been demonstrated that it 
signals to the neighboring ring of veg2 endome-
sodermal cells, turning on  Sp-Gcm  transcription 
(Ransick and Davidson  2006 ). After the veg2 tier 
of cells segregates into an inner and outer tier, 
Sp-Delta signal is only received in the inner tier, 
adjacent to the skeletogenic cells, becoming the 
mesoderm precursors. There, Sp-Delta activates 
 Sp-GataE  (Lee and Davidson  2004 ) and subse-
quently the transcription factors  Sp-Prox1, 
Sp-Ese,  and  Sp-GataC  (and others) in the oral 
and  Sp-Six1/2  (plus others) in the aboral meso-
derm (Materna and Davidson  2012 ). After ingres-
sion of the primary mesenchyme cells (PMC), 
 Sp-Delta  ceases to be expressed there and turns 
on in the non-skeletogenic mesoderm (NSM). 
This second wave of Sp-Delta does not affect the 
surrounding presumptive endoderm cells, 
although they are now in direct contact with the 
Sp-Delta source. On the contrary, it serves to 
deactivate endodermal genes in the NSM 
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 precursors (see below) (Croce and McClay  2010 ; 
Peter and Davidson  2011 ; Materna and Davidson 
 2012 ). It is known that mesodermal Sp-Delta pro-
vides a “switch” input to small micromeres and 
particularly to  Sp-FoxY  expression and that this 
later Sp-Delta signal is required for the specifi ca-
tion of late mesoderm derivatives such as coelo-
mic pouches and muscles (Sweet et al.  2002 ; 
Materna and Davidson  2012 ). 

 One of the fi rst known direct outcomes of the 
fi rst Delta/Notch pathway is the activation of the 
transcription factor  Sp-Gcm . The  Sp-Gcm  pro-
moter contains several Suppressor-of-Hairless 
(SuH) binding sites that mediate  Sp-Gcm  activa-
tion (Ransick and Davidson  2006 ), and the Notch 
pathway is known to directly activate  SuH  (Fortini 

and Artavanis-Tsakonas  1994 ).  Sp-Gcm  is later 
required for the development of the pigment cells 
by becoming involved in a positive intergenic 
feedback loop with  Sp-Six1/2  (Ransick and 
Davidson  2006 ). In the process of progressive 
segregation of fates within the endomesoderm, 
other transcription factors are relevant, for 
instance,  Sp-FoxA . Reports on this gene indicate 
that  Sp-FoxA  is expressed in the defi nitive endo-
derm, where it promotes endoderm specifi cation 
(Oliveri et al.  2006 ). 

 The endodermal regulatory state is dependent 
on a Wnt/β-catenin signaling under the spatial 
control of genes mediated by TCF regulatory 
sites. This Wnt/TCF system, together with a 
maternal/early zygotic form of  Sp-Otx , activates 

Endomesoderm Network: Overview Up to 30 Hours

skel. mes.

veg1 ectoderm

veg1 endoderm

veg2 endoderm

oral NSM
small mic.

aboral NSM

  Fig. 1.13    Biotapestry diagram summarizing the gene 
regulatory interactions occurring during endomesoderm 
specifi cation in  Strongylocentrotus purpuratus . The last 
updated diagram is schematized (11/2011). The diagram 

is also available on the E. H. Davidson’s laboratory web-
page (  http://sugp.caltech.edu/endomes    ). Colors label the 
different embryonic territories. Connecting lines indicate 
gene interactions       
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the endodermal regulatory genes  Sp-Blimp1b, 
Sp-Eve,  and  Sp-Hox11/13b  (Yuh et al.  2002 ; 
Arenas-Mena et al.  2006 ; Smith et al.  2008a ), 
which will then activate  Sp-Brachyury, Sp-FoxA,  
and  Sp-GataE. Sp-Gcm  at that time (12–16hpf) is 
coexpressed with  Sp-FoxA  in the veg2 tier and 
until a few hours later (18 h), when the expression 
domains of the two become exclusive, with 
 Sp-Gcm  being expressed only in the veg2L and 
 Sp-FoxA  in the veg2U cells. The repression of the 
endodermal genes in the mesodermal ring of cells 
(veg2L) occurs through an elegant regulatory- 
state exclusion mechanism: the same TCF sites 
that are used to initiate the endoderm GRN in the 
veg2 lineage are used again to extinguish it in the 
mesoderm precursors. The mechanism seems to 
depend on Delta/Notch signaling, via a MAP 
kinase pathway (Rottinger et al.  2006 ). 

 On the other hand,  Sp-FoxA  represses meso-
derm development in the endoderm tier by pre-
venting  Sp-Gcm  expression (Oliveri et al.  2006 ). 
All these molecular events driving the initial seg-
regation of fates within the endomesoderm show 
the complexity of regulatory events needed to 
ensure the proper development of tissues and cell 
types within embryos. 

 The approach to study GRNs in development 
can obviously be applied to any developmental 
process in any embryo that allows for high- 
throughput gene perturbation analyses. Several 
studies are emerging which use this approach, for 
instance, and within echinoderms, the GRN 
which controls gut regionalization in the post- 
gastrular sea urchin embryo (Annunziata and 
Arnone  2014 ), the network responsible for oral 
and aboral ectoderm differentiation and ecto- 
endoderm boundary formation (Su et al.  2009 ; Li 
et al.  2014 ), or the network that defi nes the distri-
bution of ciliary band-associated neurons in the 
bipinnaria larva of the sea star (Yankura et al. 
 2013 ). Other recent examples of the use of the 
same approaches outside echinoderms are the 
deciphering of the primary cardiac gene regula-
tory network in the invertebrate chordate  Ciona 
intestinalis  (Woznica et al.  2012 ) or the GRNs 
that underlie the compartmentalization of the 
 Ciona  central nervous system (Imai et al.  2009 ) 
(see Chapter   4    ). 

 GRN studies not only provide explanation of how 
regulatory states are established in particular cells 
during development and how these states eventually 
determine the fi nal morphology of the embryo but 
also provide a powerful tool, through comparisons 
of GRN architectures, to reveal the molecular evolu-
tion of developmental programs among different 
organisms (Hinman et al.  2003a ; Hinman and 
Davidson  2007 ; McCauley et al.  2010 ). 

 As previously described, in both sea urchin 
and sea star embryos, the endomesodermal terri-
tories arise from the vegetal plate, where the 
invagination movements of gastrulation start. 
Mesoderm progenitors are located in the center 
of this plate and are the fi rst to invaginate. The 
outer tiers of cells will progressively invaginate 
to form the fore-, mid- and hindgut. In this pro-
cesses, the sea urchin and the starfi sh are very 
similar. However, sea urchins have a micromere 
set of cells that will give rise to the larval skeleton 
(this territory, missing in sea star, is represented 
in pink in Fig.  1.14A ). When the sea urchin and 
sea star GRNs for endomesoderm specifi cation 
are compared, an almost perfectly conserved 
fi ve-gene network subcircuit, required for endo-
derm specifi cation, becomes evident (highlighted 
in red in Fig.  1.14B ). However, beyond this so- 
called “conserved regulatory kernel” (Davidson 
and Erwin  2006 ), the GRN structure, upstream 
and downstream of the kernel, has diverged 
extensively. These changes are translated into 
specifi c phenotypic effects. For example, meso-
derm specifi cation occurs quite differently: in sea 
urchins, mesoderm specifi cation is induced by 
the Delta-Notch signal (originated from the 
micromere lineage at the center of the vegetal 
pole) which impinges on the cis-regulatory appa-
ratus of the  gcm  gene, while in the sea star the 
Delta-Notch signal has the contrary effect of pre-
venting mesoderm specifi cation. A second type 
of change observed in GRN structure is mediated 
by regulatory gene co-option, the redeployment 
of network regulatory genes in new locations, 
and/or different times leading to new functions. 
For instance, instead of the skeletogenic func-
tions executed by the  tbrain  regulator in the 
micromere lineages of the sea urchin (Oliveri 
et al.  2002 ), the  tbrain  gene is required in the sea 
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  Fig. 1.14    Conservation and divergence in endomeso-
derm specifi cation in sea urchins and sea stars. 
( A ) Schematic representation of sea urchin and sea star 
blastulae. In the vegetal view of the embryos ( lower  part 
of the panel), some gene names are overlaid on their 
domains of expression, e.g.,  tbrain  is expressed in the 
micromere cell lineage ( pink ) in the sea urchin and in the 
mesodermal and endodermal territories ( gray ) in the sea 
star and  gataE  is expressed within the endoderm and 
mesoderm in sea urchin but only in the endoderm in sea 
star. The  black arrows  represent Delta-Notch signaling 
from one cell territory to another. ( B ) The GRN depicting 

endomesoderm specifi cation in sea urchins and sea stars 
at blastula stage. The regulatory interactions found in 
common in both taxa are shown in  red  ( solid lines ), while 
those occurring in the sea urchin only are shown in 
 dashed   green lines , and those only occurring in the sea 
star are shown in  dashed blue lines . In sea urchins, the 
nuclearization of β-catenin is critical for the establish-
ment of endomesoderm and forms a positive feedback 
loop with blimp1 (shown in  brown ). The role of nuclear 
β-catenin has not been examined in sea stars, but is likely 
to be conserved (Modifi ed and adapted from Hinman 
et al. ( 2009 ))       
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star embryo for archenteron formation, a role 
performed under the control of endodermal regu-
lators ( otx  and  gatae ), genes that do not affect 
the sea urchin  tbrain  gene expression at any 
time of development (see blue dashed arrows in 
Fig.  1.14B ). A third difference between networks 
is the use of the  foxa  gene to repress mesoderm 
formation in sea urchin, a role taken by  gatae  in 
sea star embryos (compare blue and green dashed 
arrows in Fig.  1.14B ); see Table  1.2  for 
comparison.  

 These observations demonstrate that GRNs 
are formed by discrete functional subcircuits 
which are affected by diverse selective pressures. 
Comparative GRN analyses provide us with key 
insights into the evolutionary processes that 
model body plans at the DNA regulatory level. 
As a general rule, it is assumed that the GRN sub-
circuits involving positive feedback tend to be 
conserved, generating constraints during devel-
opment. This conservation may refl ect a specifi c 
arrangement of transcription factor binding sites 
in cis-regulatory modules. 

 For quite a long time echinoderm biology has 
been greatly contributing to shed light on funda-
mental questions in developmental biology. The 
experimental availability of embryos belonging 
to different species, all separated by various evo-
lutionary distances and accessible to the tools of 
modern regulatory biology, has proven invalu-
able. In the last two decades, this group of ani-
mals has been instrumental in addressing key 
biological questions such as how gene regulatory 
networks control development and how they 
evolved. In other words, echinoderm models 
have the potential to greatly contribute to solve 
central questions in the evolution of develop-
ment, particularly from a gene regulation point of 
view. The larvae of echinoderms provide the rich 
source of morphological variation necessary to 
address relevant questions such as the evolution 
of novelties. There are many differences among 
echinoderm larval forms, but perhaps the most 
dramatic and obvious is the larval skeleton, which 
provides the structural material that gives the 
larva its typical morphology. Larval skeletons are 
found in the sea urchin echinoplutei and in the 
brittle star ophioplutei, but not in sea star larvae 

(see previous sections). Small larval spicules and 
ossicles are also found in the auricularia larvae of 
holothurians (see above). All the echinoderm 
embryos that produce larval skeletal elements 
share an early ingression of the mesenchyme 
cells, prior to gastrulation, although it appears 
that only sea urchins establish their skeletogenic 
cell lineage via an asymmetric blastomere cleav-
age that leads to micromere formation. The 
micromere skeletogenic lineage can therefore be 
considered a novelty in echinoids. However, it is 
important to point out that due to some unre-
solved uncertainties in echinoderm evolution, it 
is not clear when a larval skeleton was fi rst 
invented (see Fig.  1.15  for alternative scenarios). 
It has been proposed, for instance, that the gene 
regulatory network that controls larval skeleton 
formation in sea urchins was co-opted from its 
adult skeletogenic program (Gao and Davidson 
 2008 ; Koga et al.  2014 ). However, it is not clear 
when this happened. One way to address this 
question would be to analyze the molecular 
mechanisms which control specifi cation of larval 
skeletogenic lineages in other echinoderm taxa, 
particularly in brittle stars. This approach would 
shed light on the question of whether the echino-
plutei and the ophioplutei are homologs or not. 
Additionally, and perhaps more importantly, 
approaching this or other developmental ques-
tions, at a deep gene regulatory network level, 
will provide us with new insights into the under-
standing of GRN evolution. The example given 
here is, perhaps, one of the most obvious, but 
questions from polarity to the specifi cation of dif-
ferent cell lineages or the morphological arrange-
ment of tissues are putative targets for undertaking 
similar approaches.    

    LATE DEVELOPMENT 

 Echinoderms are unique among bilaterians in 
that the adults have a pentameral radial body 
plan, the phylotypic character of the 
Echinodermata. The larvae, however, are bilat-
eral with some asymmetry conveyed by the 
expansion of the coeloms on the left side (Hyman 
 1955 ; David and Mooi  1998 ). This “ asymmetrical 
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bilaterality” is particularly prominent in species 
with nonfeeding larvae (Smith et al.  2009 ; 
Morris  2011 ,  2012 ; Morris et al.  2011 ). At meta-
morphosis, the bilateral larva transforms into the 
radial juvenile with a new main body axis, the 
oral-aboral axis. This change from a bilateral 
larva to a radial adult is of great interest and 
there are many reviews on echinoderm metamor-
phosis and the morphological changes that occur 
(Bury  1895 ; Hyman  1955 ; Chia and Burke  1978 ; 
Burke  1989 ). 

    From Bilateral to Radial Symmetry: 
Larval and Adult Polarities 

 Transformation from the larval to the adult echi-
noderm involves two major phases: (i) coelomo-
genesis, including formation of the hydrocoel 
and the origin of the pentameral plan, and (ii) 
metamorphosis. Coelomogenesis starts early, 
shortly after gastrulation. Although details of 
coelom development differ among groups, in 
most echinoderms the left coelom gives rise to 

the adult hydrocoel and somatocoel. The hydro-
coel and its fi ve lobes are the core of the body 
plan. These lobes form the primary podia. In 
juvenile development these podia give rise to 
the radial canals of the adult water vascular sys-
tem. Each radial canal extends from a growth 
zone at the base of the primary podium (Morris 
 2012 ). In all echinoderms coelomic develop-
ment on the larval left side is the basis for con-
struction of the adult. The left somatocoel 
becomes the body coelom of the adult echino-
derm (Burke  1989 ), while the right coelom of 
the sea star larva also contributes to the adult 
body coelom (Morris et al.  2011 ). 

 The interaction between the hydrocoel and 
overlying ectoderm is important during develop-
ment of the juvenile body – called the juvenile 
rudiment. In euechinoid sea urchins, crinoids, 
and holothuroids, an ectodermal invagination, the 
vestibule, forms adjacent to the hydrocoel and the 
juvenile develops within the vestibule-like invag-
ination (Smiley  1986 ; Burke  1989 ; Holland  1991 ; 
Smiley et al.  1991 ; Ramafofi a et al.  2003 ). In 
other groups, such as the cidaroid sea urchins, 

Echinoidea Holothuroidea Ophiuroidea Asteroidea Crinoidea

  Fig. 1.15    Distribution of larval types in echinoderm phylogeny. Representative echinoderm larvae are displayed 
according to the two alternative phylogenetic scenarios illustrated in Fig.  1.3        
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asteroids, and ophiuroids, the juvenile develops 
on the external surface of the larva (Emlet  1988 ; 
Byrne and Barker  1991 ; Selvakumaraswamy and 
Byrne  2006 ). 

 The timing of development of the coeloms and 
the rudiment differs in species with development 
through a feeding larva and those that develop 
through a nonfeeding larva. In species with feed-
ing larvae, the time between the initiation of coelo-
mogenesis and rudiment development can be days 
to months, as the larva accrues  suffi cient nutrients 
to support metamorphosis (Byrne and Barker 
 1991 ; Smith et al.  2008b ). Species with nonfeed-
ing larvae, in contrast, have considerable maternal 
nutrients and start building the rudiment shortly 
after gastrulation (Minsuk and Raff  2002 ; Raff and 
Byrne  2006 ; Smith et al.  2009 ; Morris  2012 ). The 
rapid formation of the juvenile in species with non-
feeding larvae is facilitated by a heterochronic 
shift in the early development of the left coelom 
(Raff and Smith  2009 ; Smith et al.  2009 ). 

 Morphogenesis of the developing juvenile is 
complex. This is best documented for sea urchins,  
in an species with planktotrophic larvae, 
 Strongylocentrotus purpuratus  and  Paracentrotus 
lividus  (Gosselin and Jangoux  1998 ; Smith et al. 
 2008b ), and in species with lecithotrophic larvae, 
 Heliocidaris erythrogramma  (Minsuk and Raff 
 2002 ; Morris  2011 ) and  Holopneustes purpura-
scens  (Morris  2012 ). There are also good descrip-
tions of metamorphosis in the other echinoid groups 
with feeding larvae (Emlet  1988 ; Vellutini and 
Migotto  2010 ). Rapid development (3–5 days) of a 
comparatively large rudiment in echinoids with 
lecithotrophic larvae has been particularly impor-
tant in generating insights into coelomogenesis and 
metamorphosis (Minsuk and Raff  2002 ; Minsuk 
et al.  2009 ; Smith et al.  2009 ; Morris  2011 ,  2012 ). 

 In euechinoids, the vestibule and invagination 
of the ectoderm forms on the left side of the lar-
vae. This structure forms from ectoderm overly-
ing the region where the hydrocoel forms. The 
ectoderm in this region thickens and invaginates 
to form the vestibule. The vestibule fl oor develops 
an intimate contact with the primary podia. This 
mesoderm-ectoderm communication is important 
in development of the adult rudiment centered on 
the oral pole of the future oral-aboral axis (Burke 
 1989 ; Minsuk and Raff  2002 ; Smith et al.  2008b ; 

Minsuk et al.  2009 ). The center of the vestibule 
becomes the adult mouth. Inductive signals from 
the left coelom are important for development of 
the rudiment (Minsuk et al.  2009 ). The fi ve pri-
mary podia and the developing spines that develop 
between the podia project into the vestibule so 
that the thickened epithelium of the vestibule fl oor 
forms the external outer cover of these structures. 
The vestibule ectoderm also forms the nervous 
system, as indicated by the expression of neural 
genes such as  otx  in this region (Morris et al. 
 2004 ). Between the podia a thickening of tissue 
forms, the epineural folds. These rise up and fuse 
to close over the developing neural tissue (von 
Ubisch  1913 ). The skeleton is formed by associ-
ated mesoderm. Prior to metamorphosis, the ves-
tibule and the developing rudiment dominate the 
left side of the euechinoid larva. In contrast, cida-
roid larvae do not form a vestibule. In these echi-
noids the rudiment is exposed on the left side of 
the larva (Emlet  1988 ). In echinoids, the oral-
aboral axis of the future adult is positioned on the 
respective left-right axis of the larva. 

 Morphogenesis of the developing juvenile aster-
oid is described for species with planktotrophic 
 larvae, particularly  Asterias rubens  and  Patiriella 
regularis  (Gemmill  1914 ; Byrne and Barker  1991 ; 
Gondolf  2000 ) and with lecithotrophic larvae, for 
instance,  Asterina gibbosa ,  Leptasterias hexactis , 
and  Parvulastra exigua  (Chia  1968 ; MacBride 
 1896 ; Morris et al.  2009 ). The hydrocoel and rudi-
ment develops on the left side of the larva, and as in 
echinoids, the oral-aboral axis of the juvenile is 
positioned on the respective left-right axis of the 
larva. The juvenile asteroid develops as the larval 
body is absorbed into the future oral region of the 
sea star. 

 In holothuroids and ophiuroids, the hydrocoel 
originates on the left side but shifts in position 
during rudiment development. In holothuroids, a 
vestibule-like structure forms at the anterior end 
of the larva in the oral region and the oral-aboral 
axis of the future adult is positioned on the 
anterior- posterior axis of the larva (Hyman  1955 ; 
Smiley  1986 ; Smiley et al.  1991 ). In ophiuroids, 
the juvenile oral-aboral axis develops along the 
dorsoventral axis of the larvae (Hyman  1955 ; 
Hendler  1991 ). The juvenile ophiuroid develops 
externally. Crinoids differ from the other groups 
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in that the hydrocoel and vestibule originate ven-
trally and then become positioned at the anterior 
end of the larvae as the rudiment develops 
(Holland  1991 ). Thus, the juvenile crinoid oral- 
aboral axis is positioned along the anterior- 
posterior axis of the larvae. 

 The patterning mechanisms underlying develop-
ment of the pentameral body plan are poorly under-
stood. Several studies document expression of 
signaling and homeobox genes in the coeloms (e.g., 
 eng ,  wnt ,  hox4 ), indicating a role for these genes in 
early development of the juvenile (Peterson et al. 
 2000a ; Ferkowicz and Raff  2001 ; Byrne et al.  2005 ; 
Cisternas and Byrne  2009 ). Hox genes are expressed 
in a spatial and collinear sequence in the coeloms of 
sea urchin and crinoid larvae (Table  1.2 ; see 
Peterson et al.  2000a ; Hara et al.  2006 ). The initial 
specifi cation of the left coelomic pouch seems to 
depend on the activation of the BMP signaling 
pathway (Luo and Su  2012 ; Warner et al.  2012 ). 

 In the developing juvenile of the echinoid 
 Holopneustes purpurescens , oral-aboral identity 
appears to be specifi ed by Hox genes as indicated 
by the oral expression of  hox3  and aboral expres-
sion of  hox11/13  (Morris and Byrne  2014 ). 

 Once the rudiment has formed, expression pat-
terns of several genes refl ect different aspects of 
the typical echinoderm body plan (Arenas- Mena 
et al.  1998 ; Ferkowicz and Raff  2001 ; Lowe et al. 
 2002 ; Sly et al.  2002 ; Morris and Byrne  2005 ; 
Wilson et al.  2005 ; Morris and Byrne  2014 ). The 
developing fi ve-rayed central nervous system has 
a distinct pentameral expression of many neural 
genes (Sly et al.  2002 ; Morris et al.  2004 ; Byrne 
et al.  2005 ; Morris and Byrne  2005 ). Some of 
these genes (e.g.,  otx ) are also expressed in devel-
opment of the peripheral nervous system of the 
tube feet, indicating a potential role in patterning 
a so-called “metameric-type” series of outgrowths 
from the radial canals (Table  1.2 ; see Byrne et al. 
 2005 ; Morris and Byrne  2005 ).  

    Metamorphosis 

 Metamorphosis can occur in the water column 
(e.g., in ophiuroids) or following settlement of 
competent larvae (e.g., in echinoids). In echinoids, 

ophiuroids, and holothuroids, the primary podia 
are used to select settlement sites and attach to the 
substrate. In many asteroid and crinoid species, 
the larvae have specialized attachment structures 
that they use for settlement. Metamorphosis 
involves degeneration of the larval body and can 
take minutes to hours (Chia and Burke  1978 ). The 
larval tissue of most echinoderms is discarded or 
resorbed. In holothuroids, however, the larval 
body is retained as the ectoderm of the juvenile 
(Smiley et al.  1991 ). 

 In euechinoids, the primary podia extend 
through the vestibule opening to attach to the 
substrate, and metamorphosis ensues with ever-
sion of the vestibule. The vestibular ectoderm 
thus becomes the juvenile epidermis. What 
remains of the larval tissue becomes positioned 
as a clump of tissue on the aboral surface of the 
juvenile and is eventually resorbed. In asteroids, 
as the juvenile develops in the attached larva, the 
larval body bends so that the left side of the 
larva – the oral side of the juvenile – is directed 
towards the substrate and the right side becomes 
the upper one. The larval body degenerates into a 
stalk and is resorbed into the oral region of the 
young sea star and then the tube feet take over the 
role of attachment and benthic locomotion. 

 The bilateral larval axis of holothuroid larvae 
is congruent with the bilateral axis of the juvenile 
and adult (Smiley  1986 ). These echinoderms 
have a bilateral symmetry as adults superimposed 
on pentamery (Hyman  1955 ). The feeding larva 
transforms into a bilateral juvenile with the pri-
mary podia at the anterior end giving rise to the 
buccal tentacles that are later used for feeding 
(Smiley et al.  1991 ; Ramofafi a et al.  2001 ). 
Pentamery is evident in the fi ve buccal tentacles, 
which are in a radial position. In holothuroids the 
canals of the water vascular system form directly 
from the ring canal in an interradial position and 
thus are not homologous to the ambulacral canals 
of other echinoderms. 

 The larval gut serves as a primordium of parts 
of the adult echinoderm gut. During metamor-
phosis there is considerable degeneration of 
digestive tract cells and reorganization of other 
digestive tract cells (Chia and Burke  1978 ). The 
larval stomach forms the adult stomach. The 
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mouth appears to form through perforation of the 
hydrocoel (Gemmill  1914 ; Bury  1989 ; Minsuk 
et al.  2009 ; Morris et al.  2011 ). Later, growth of 
the digestive tract in the perimetamorphic period 
(sensu Gosselin and Jangoux  1998 ) is required to 
complete its morphogenesis. Formation of a 
functional gut to development of the anus can 
take days or weeks, depending on the species, 
and has been described in detail for  Paracentrotus 
lividus  (Gosselin and Jangoux  1998 ). The fi nal 
development of the gut marks the end of 
metamorphosis.   

    EVOLUTION OF RADIAL 
(PENTAMERAL) SYMMETRY: 
POTENTIAL AXIAL HOMOLOGIES 
WITH OTHER DEUTEROSTOMES 

 The most conspicuous characteristic of extant 
Echinodermata is their adult pentameral (fi ve-
fold) symmetry. This symmetry evolved second-
arily, as revealed by the presence of bilateral 
fossils (Smith  2005 ; Zamora et al.  2012 ) and the 
last common ancestor of Bilateria which pre-
dates the origin of Echinodermata by many mil-
lions of years. The adult echinoderm body is 
organized along the major body axis, the oral-
aboral axis. 

 It is not clear how this echinoderm body plan 
relates to the bilaterian anterior-posterior (AP) 
axis. There are two main hypotheses on echino-
derm body plan evolution: (1) the  bilateral AP 
axis in echinoderms is derived from the stack-
ing of the coeloms in development (Mooi and 
David  2008 ; Peterson et al.  2000a ) and (2) the 
rays are in line with the chordate AP axis – the 
rays as the chordate body axis (Raff and Popodi 
 1996 ; Heinzeller and Welsch  1999 ; Morris 
 2011 ,  2012 ). 

    Coelomic Stacking Hypothesis 

 Several lines of evidence suggest that the  bilateral 
AP axis in adult echinoderms is derived from the 
stacking of coelomic compartments that occurs 
during development (Peterson et al.  2000a ; Mooi 

and David  2008 ; Smith et al.  2008b ). These argu-
ments are based on the expression of regulatory 
genes (e.g., Hox genes) during postembryonic 
development, comparative analysis of coelom 
development in echinoderms, and the analysis of 
skeletal plate morphology in both extant and fos-
sil echinoderms. This hypothesis uses mesoderm 
derivatives as the key structures for understand-
ing axial homologies. It is expressed in three 
steps, along the following lines:
    (i   )    The coelomic stacking theory suggests that 

the coeloms in sea urchin larvae stack in the 
order: left hydrocoel-left somatocoel-right 
somatocoel. This arrangement is seen in 
development of echinoids with a feeding 
larva. These coeloms in an oral-aboral direc-
tion are hydrocoel, somatocoel, and right 
coelom. Morris ( 2012 ) also derives the AP 
axis from the oral-aboral arrangement of the 
coeloms in echinoids with a nonfeeding 
larva. In this case, the arrangement is derived 
by bending the chordate AP axis at the junc-
tion between the head of the archenteron 
and the forming coeloms. Thus, both 
Peterson et al. ( 2000a ) and Morris ( 2012 ) 
get a similar sequence of coeloms from oral 
to aboral and both homologize this echino-
derm adult axis with the AP axis of the deu-
terostome ancestor.   

   (ii)    The Hox genes seem to work as a vectorial 
system in all bilaterian animals, providing 
cells along the major (AP) body axis with 
positional information. Their regulatory 
activities extend to all germ layers, although 
preferentially to the ectoderm and mesoderm. 
The main feature that characterizes this group 
of genes is that they are expressed in nested 
domains along the AP axis, with gene expres-
sion domains following the order of the genes 
on the respective chromosome. It is particu-
larly relevant that some Hox genes are 
expressed only in the larval somatocoels, 
again with nested domains of expression, 
where the most “anterior” Hox genes are 
expressed in more apical/anterior domains 
and the “posterior” Hox genes in more blasto-
poral/posterior domains (Table  1.2 ; see 
Arenas-Mena et al.  2000 ; Hara et al.  2006 ). 
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 These expression domains indicate the 
organization of axial domains within the 
somatocoels and hence in their derivatives. 
The use of Hox genes in both the specifi ca-
tion of the bilaterian AP axis and in the coe-
loms suggests that the stacking of coeloms 
might be the best evidence we have for the 
orientation of the major echinoderm body 
axis (although co-option cannot be ruled 
out). During this part of development, there 
is no expression of Hox genes in the gut or 
nervous system.   

   (iii)    It has been recognized that all echinoderms, 
extant and fossil, have body walls with two 
areas of skeletons, the so-called axial 
and extraxial skeletons (Mooi and David 

 1997 ,  2008 ). Although both types are com-
posed of the same biomineral matrix, it is 
suggested that they may be patterned by dif-
ferent sets of regulatory genes (Mooi et al. 
 2005 ; Mooi and David  2008 ). While the 
axial skeleton is associated with the water 
vascular system, the extraxial is formed out-
side the axial system and comprises two sub-
regions: the perforate extraxial (including, 
for instance, the anus and gonopores in sea 
urchins) and the imperforate extraxial, cov-
ering the coeloms in the most aboral parts 
(see Fig.  1.16 ). While the perforate axial 
skeleton may be associated with the left 
somatocoel, the imperforate one is associ-
ated with the right somatocoel. Strikingly, 
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  Fig. 1.16    Stacking of coelomic derivatives in all extant 
(but also in fossil) echinoderm classes. Different colors 
mark derivatives of the three coelom compartments. The 
arrangement of derivatives is a manifestation of the AP 
axis of animals, following the extraxial-axial theory 
( EAT ). ( A ) Cambrian fossil  Gogia spiralis , showing the 

sequential arrangement of mouth, calyx, and stem. 
( B ) Cambrian fossil  Camptostroma . ( C ) Crinoid larva. 
( D ) Extant adult crinoid. ( E ) Extant asteroid. ( F ) Extant 
holothuroid. ( G ) Extant echinoid (The diagram is taken 
from Mooi and David ( 2008 )©)       
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when these different skeletons are mapped 
onto the adult morphology of all echino-
derms, we see that their relative disposition 
in the animal follows the stacking of the coe-
lomic compartments, such that the hydro-
coel derivatives are oral with respect to left 
somatocoel derivatives, which at the same 
time occupy oral positions with respect to 
the derivatives of the right somatocoel (see 
Fig.  1.4 ). The commonalities in the organi-
zation (and the ontogenies) of the different 
parts of the adult echinoderm body have 
allowed the elucidation of body wall homol-
ogies across different extant and also fossil 
groups (see below). These architectural and 
ontogenetic principles were termed extrax-
ial-axial theory (EAT) (Mooi et al.  1994 ).     

  The EAT explains very well the anatomy of 
adult echinoderms with respect to the ambulacral 
and interambulacral regions and homologies 
between these body regions in the different 
classes. This hypothesis unites the disparate 
forms of the fi ve extant echinoderm classes and 
some echinoderm fossils. A recent study 
(Hotchkiss  2012 ), however, reinterprets the des-
ignation of axial and extraxial skeletons in the 
asteroid arm by Mooi and David ( 2000 ), and this 
has implications for the rays as axis hypothesis 
(see below). 

 The coelomic stacking and the EAT hypothe-
ses have been taken to suggest that the ambulacra 
are outgrowths, perpendicular to the major AP 
axis, and thus appendages. Two lines of evidence 
support this scenario. The fi rst is derived from the 
theoretical models of Hotchkiss (Hotchkiss 
 1998 ), in which he suggests that the consider-
ation of “rays as appendages” best explains the 
origin of the pentameral symmetry. Accordingly, 
a suggested characteristic of all echinoderms is 
the clear organization of structural elements 
along a major body axis, running from the ante-
rior mouth (oral side = anterior) to the derivatives 
of the right somatocoel (aboral side = posterior). 
The adult echinoderm mouth thus corresponds to 
the anterior pole of other bilaterians. The rela-
tionship between the sequences of coelom devel-
opment along the  oral- aboral axis appears to be a 
basic feature of  echinoderm anatomy (Peterson 

et al.  2000a ; Mooi and David  2008 ; Morris  2012 ). 
However, the question concerning the evolution 
of a pentamerous arrangement of the arms 
remains unanswered in this scenario. 

 Insights into the affi nity of the echinoderm 
ambulacrum are provided by data on expression 
of some regulatory genes during development, in 
particular the homologs of  distal-less , which is 
normally expressed in the growing tips of several 
bilaterian appendages (e.g., annelid parapodia, 
tunicate ampullae, vertebrate limb buds) and in 
the podia of larval and juvenile echinoderms 
(Lowe and Wray  1997 ; Panganiban et al.  1997 ), 
although these expression data alone do not suf-
fi ciently argue for homology of echinoderm 
podia to other bilaterian appendages (e.g., 
(Winchell et al.  2010 ).  

    The “Rays as the Chordate Body Axis” 
Hypothesis 

 In this hypothesis the rays are axial in line with 
the chordate AP axis with one ambulacrum    
being the homolog of the chordate body axis 
(Fig.  1.17 ; see Raff and Popodi  1996 ; Heinzeller 
and Welsch  1999 ; Morris  2012 ). The echino-
derm ambulacra are also interpreted as a meta-
meric series (Turner  1998 ; Morris  2011 ,  2012 ). 
The other four ambulacra are thus hypothesized 
to be an evolutionary duplication from an ances-
tor with a single ambulacrum (Raff and Popodi 
 1996 ; Hotchkiss  1998 ; Heinzeller and Welsch 
 1999 ; Minsuk et al.  2009 ).  

 The “rays as the chordate body axis” hypothe-
sis stems from development of coelom derivatives 
(Morris  2012 ; Morris and Byrne  2014 ) and the 
morphology of the adult nervous system 
(Heinzeller and Welsch  2001 ). Using the relative 
positions of mesodermal derivatives in both groups 
of animals, specifi c homologies between the 
hydrocoel and the notochord on the one hand and 
the secondary podia and somites on the other were 
suggested. The expression of some regulatory 
genes in coeloms would be compatible with this 
set of proposed homologies (however limited the 
number of genes is). Morris ( 2012 ) suggested that 
the fi ve ambulacra arose as duplications of a 
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 posterior growth zone – a series of duplications 
from an ancestor with a single ambulacrum. 
Thereby, the presence of repeated blocks of mus-
cles and ossicles along the ambulacra is indicative 
of “segmentation,” which also occurs along the 
major body axis (AP) of chordates. Accordingly   , 
the posterior growth zones seen in the growth of 
the juvenile and adult echinoderm are the regions 
behind the primary podia, following the “ocular 
plate rule” of Mooi et al. ( 1994 ) with the oldest 
ossicles next to the mouth and the youngest at the 
end of the ambulacra. In echinoids the ocular plate 
is at the aboral pole and thus AP is readily seen to 
be parallel to oral- aboral. In asteroids, the equiva-
lent growth zone at the terminal plate is at the end 
of the arms (see Hotchkiss  2012 ) and accordingly 
the AP axis would best be termed proximal-distal 
with regard to mouth and arm tip. Thus, the ray or 
ambulacrum in both echinoids and asteroids is 
interpreted as the chordate anterior-posterior axis 
(see Fig.  1.17 ). 

 Other arguments are based on the functional 
analogies between the chordate spinal and the 
echinoderm ectoneural chords, to the extent that 
a nervous system is required to control the move-
ment of serial muscles and podia and its forma-
tion from ectodermal domains overlying these 
mesodermal structures. In fact, some authors 
have  suggested that the radial nerves and the cir-

cumoral ring of the adult are “strong candidates” 
for a homolog of the chordate CNS (Haag  2005 ), 
a position that is also opposed by some (Nielsen 
 2006 ). Analysis of Hox gene expression in the 
adult rudiment of the direct-developing sea 
urchin  Holopneustes purpurascens  seems to 
lend support to this assumption, stressing the 
concept that echinoderms and chordates share 
structural homologies and that an echinoderm 
arm is organized metamerically (Morris and 
Byrne  2014 ), as is the main vertebrate axis. The 
reiterated expression of other genes involved in 
segmentation (e.g.,  engrailed ) in some echino-
derm arms may be interpreted in the same con-
text. However, as for the fi rst hypothesis, one has 
to be cautious about using patterns of gene 
expression as signs of homology due to the 
potential of basically all known developmental 
genes for having been co- opted into novel func-
tions (Nielsen and Martinez  2003 ). 

 The homology of the ambulacrum of echino-
derms to the AP axis could be interpreted as 
being supported by fossil data, which indicates 
that the earliest echinoderms have one 
 ambulacrum and were bilaterally symmetric 
(Smith  2005 ; Zamora et al.  2012 ). 

 All in all, the axial homologies of echinoderms 
with other deuterostomes and the origins of the 
radial symmetry have generated much discussion 
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and controversies with varying hypotheses pro-
posed. The expected increase in comparative data 
on the ontogeny of adult structures and how gene 
regulatory networks specify them will undoubt-
edly continue to provide us with important 
insights in the future.   

    ADULT DEVELOPMENTAL 
PROCESSES: REGENERATION 
IN ECHINODERMS 

 Regeneration may be defi ned in general as the 
formation of new tissues or organs to replace 
those lost or damaged due to injury (see Vol. 2, 
Chapter   4    ) for a detailed treatment of the sub-
ject). Although a response to injury is evoked in 
most animals, there is a remarkable variety in the 
degree of morphological and functional recovery, 
not only between individuals from unrelated 
groups but also between closely related species 
and even between organs and parts of the same 
individual. The regenerative capacity is generally 
rather limited in vertebrates compared to that of 
many invertebrates (Goss  1969 ; Mattson  1976 ; 
Tanaka and Reddien  2011 ). Some vertebrates, 
including some amphibians and reptiles, are 
capable of tail, limb, and/or digit replacement, 
but these properties pale in comparison to the 
amazing capacity of invertebrates to repair most 
organs, including the CNS (Goss  1969 ; Mattson 
 1976 ; Tanaka and Reddien  2011 ) 

 Among the invertebrates, the Echinodermata, 
together with the Platyhelminthes (see Vol. 2, 
Chapters   3     and   4    ), have a remarkable capacity to 
regenerate lost or amputated organs (Candia 
Carnevali and Bonasoro  2001a ,  b ; Candia 
Carnevali  2006 ; Candia Carnavali and Burighel 
 2010 ). Larval and adult echinoderms from each 
of the extant classes exhibit natural, rapid regen-
eration of entire lost parts (Eaves and Palmer 
 2003 ; Candia Carnevali  2006 ). This striking 
regenerative capacity serves a range of biologi-
cal purposes (Sköld et al.  1994 ). Of primary 
importance is the replacement of tissues follow-
ing predation and, secondarily, regeneration has 
developed as part of a process of asexual repro-
duction where fi ssion results in two (or occa-

sionally more) individuals (Candia Carnevali 
 2006 ; Sanchez Alvarado and Tsonis  2006 ). 
Many echinoderms regenerate in a seasonal pat-
tern following, for instance, fragmentation of the 
body for asexual reproduction (Lee et al.  2008 ). 
Clearly, these developments have been of sub-
stantial adaptive value and are responsible for 
the ecological success of echinoderms. 

 Approximately 70 % of the genes known from 
echinoderms have obvious human homologs 
(Sodergren et al.  2006 ). Therefore, the molecular 
processes involved in echinoderm regeneration 
are more likely to be shared with mammals than 
those observed in other classic models, such as 
cnidarians (e.g.,  Hydra ) or planarian fl atworms, 
which are more distantly related to chordates. 
Moreover, all the regenerative strategies that are 
currently described in animals are represented in 
echinoderms; arm regeneration in ophiuroids and 
crinoids is an  epimorphic blastemal process, and 
in asteroids and echinoids, morphallaxis is the 
main process involved (Suarez-Castillo et al. 
 2004 ; Candia Carnevali  2006 ). We understand 
here morphallactic regeneration as that relying on 
cellular reorganization with only limited produc-
tion of new cells, while we defi ne epimorphic 
regeneration as that involving dedifferentiation of 
adult structures in order to form an undifferenti-
ated mass of cells from which the new structures 
eventually develop. However, there is clear evi-
dence that regeneration in echinoderms involves 
contributions from both processes. In fact, some 
studies have shown that under different experi-
mental conditions, the same individuals employ 
both epimorphic and morphallactic mechanisms, 
the use of which depending on the specifi c needs 
of the moment (Candia Carnevali and Bonasoro 
 2001a ). 

 Currently, the best understood processes in 
echinoderm regeneration are arm regeneration in 
crinoids, asteroids, and ophiuroids and visceral 
regeneration in holothurians (and, to a lesser 
extent, in crinoids). Regeneration of other struc-
tures, such the holothurian nervous system, has 
also attracted much interest over the last few 
years (Mashanov et al.  2008 ,  2013 ). Here, the 
current knowledge of echinoderm regenerative 
processes is summarized. 
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    Arm Regeneration 

 Three classes of echinoderms, namely, crinoids, 
asteroids, and ophiuroids, are well known for their 
extraordinary potential to regenerate amputated 
limbs. This property and the ease with which many 
species can be handled in the laboratory have been 
instrumental in the selection of echinoderm spe-
cies as models for regeneration studies. Many spe-
cies of asteroids, ophiuroids and holothuroids 
reproduce asexually by splitting the body into 
pieces that undergo subsequent regeneration. 
Moreover, in a few asteroids, a whole animal can 
be regenerated from just a fragment of the limb, 
e.g.,  Linckia  (Edmondson  1935 ). The process of 
arm regeneration has been studied in detail in the 
crinoid  Antedon mediterranea  (Candia Carnevali 
and Bonasoro  2001b ), the asteroid  Asterias rubens  
(Moss et al.  1998 ; Hernroth et al.  2010 ; Ben 
Khadra et al.  2014 ), and the ophiuroid  Amphiura 
fi liformis  (Bannister et al.  2005 ; Dupont and 
Thorndyke  2006 ; Czarkwiani et al.  2013 ). While 
the overall morphological changes have been well 
documented, the cellular processes involved are 
still a matter of some debate. However, what is 
mostly lacking is a good understanding of the 
molecular processes involved. 

 In  Antedon mediterranea , the regeneration of 
amputated arms has been described as a typical 
blastemal regeneration in which migratory cells 
derived from the brachial nerve (amoebocytes) 
and coelomic epithelium (coelomocytes) are the 
major contributors to the process. The extensive 
studies by Candia Carnevali and collaborators 
have shown that the mitotic activities are located 
in the blastema and in the coelomic epithelia 
(reviewed in Candia Carnevali  2006 ). Moreover, 
regeneration is under neural control, probably 
through the modulatory activities of neurotrans-
mitters and growth factors (Thorndyke and 
Candia Carnevali  2001 ; Patruno et al.  2003 ). 
Interestingly, crinoid arm explants are able to 
survive and engage in regeneration for several 
weeks in culture, providing another interesting 
context for regeneration (Bonasoro et al.  1999 ). 

 Asteroid arm regeneration differs from that in 
crinoids and ophiuroids in that a blastema is not 
formed. In asteroids the cells contributing to the 
regrowth of the amputated limb are derived from 

coelomic epithelium and the pyloric cecum 
(Holm et al.  2008 ; Hernroth et al.  2010 ), most of 
them originating in locations far from the wound. 
In asteroids, such as  Antedon , the regeneration 
process is dependent on the presence of the ner-
vous system as it has been shown for  Asterina 
gibbosa  (Huet  1975 ). Very little is known about 
the molecular control of asteroid regeneration 
(Thorndyke and Candia Carnevali  2001 ). Up to 
date only a few homeobox genes and a BMP 
homolog have been identifi ed in regenerating sea 
star arms (Thorndyke and Candia Carnevali 
 2001 ; Ben Khadra et al.  2014 ). A preliminary 
report also identifi ed a few enzyme-encoding 
cDNAs in regenerating larvae (Vickery et al. 
 2001 ), but this study was not followed by a more 
exhaustive characterization of the genes. 

  Amphiura fi liformis  is the best-known regen-
erating model species for the Ophiuroidea 
(Dupont and Thorndyke  2006 ; Czarkwiani et al. 
 2013 ). However, what is known about the process 
is still very limited. Few studies have been car-
ried out into the nature of the cells contributing to 
the growth of new structures, although coelomo-
cytes are thought to be involved (Thorndyke et al. 
 2001 ). A few morphological studies have been 
performed on ophiuroid regeneration (Thorndyke 
et al.  2003 ), but these are focused on the ecologi-
cal adaptive value of regeneration (Sköld and 
Rosenberg  1996 ). The only molecular study per-
formed on  A. fi liformis  suggests the participation 
of diverse transcription factors, for instance, sev-
eral linked to the formation of mesoderm, includ-
ing  foxb ,  gata, ets, alx , and also homeobox family 
members (Czarkwiani et al.  2013 ; Ben Khadra 
et al.  2014 ). Moreover, a TGF growth factor has 
been identifi ed in the regenerative process 
(Bannister et al.  2005 ). However, recent tran-
scriptomic analysis (microarrays) of regenerating 
 Amphiura  tissues has the potential to open up 
new fruitful avenues in the study of ophiuroid 
regeneration (Burns et al.  2012 ).  

    Visceral Regeneration 

 Holothuroids and crinoids are able to regenerate 
their digestive system after evisceration (autotomy). 
The best-studied models are the holothuroids 
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(Mashanov and Garcia-Arraras  2011 ). Evisceration 
(discarding of the digestive tract) occurs in 
response to certain stimuli (e.g., predation) with 
the rupture of specifi c breakage planes and detach-
ment from the anchoring mesentery, this porcess 
being under neural control (Emson and Wilkie 
 1980 ; Byrne  2001 ). Two types of evisceration 
occur: anterior and posterior. Anterior evisceration 
occurs in dendrochirotids and results in loss of the 
gut and anterior associated organs: the tentacles 
and the pharyngeal bulb. Posterior evisceration 
occurs in aspidochirotids and results in loss of the 
gut, from the esophagus to the cloaca, and associ-
ated structures such as the respiratory trees. 

 As in other regenerative processes in echino-
derms, regrowth involves an initial phase of 
wound healing followed by tissue remodeling 
and growth. The wound is closed during the fi rst 
few days and involves contraction of body wall 
muscles. The remaining stump of the digestive 
tube starts a process of outgrowth and the mesen-
tery also regenerates to provide a path for exten-
sion of the new gut. This process involves the 
mobilization of multiple cells, including the 
dedifferentiation and transdifferentiation of dif-
ferent cell types. Evisceration necessarily 
involves a large wave of cell proliferation to 
replenish missing structures. The tubular rudi-
ments grow along the free edges of the mesentery 
and eventually fuse to form a whole, continuous, 
gut. The morphogenetic process, and formation 
of the fi nal structure, is accompanied by the 
destruction of some cells via apoptosis (Mashanov 
et al.  2010 ). 

 Visceral regeneration in holothurians is one of 
the few regenerative processes in echinoderms 
for which an increasing source of molecular data 
are available. Conventional cloning (gene candi-
date approaches) have been used to identify 
genes involved in the regenerative process, e.g., 
the homologs of  ependymin ,  wnt6 , and  hox6  
(Suarez-Castillo et al.  2004 ; Sun et al.  2013b ), 
but more recently, transcriptomic tools have also 
been incorporated to gain an understanding of the 
changes in global patterns of gene activity (Rojas- 
Cartagena et al.  2007 ; Ortiz-Pineda et al.  2009 ; 
Sun et al.  2013a ). These technologies, and the 
eventual sequencing of genomes, will prove 
extremely useful in modeling the molecular 

events controlling visceral regeneration. 
However, detailed methods for in situ hybridiza-
tion and gene knockdown are still lacking. 

 As mentioned above, crinoids are also able to 
regenerate the gut after evisceration. The process 
has been studied in the feather star  A. mediterra-
nea  (Dolmatov et al.  2001 ; Mozzi et al.  2006 ). In 
this case, the wound is sealed through a clotting 
process, which recruits coelomic and hemal fl u-
ids. A process of cell proliferation follows, 
mostly in the coelomic epithelium. As described 
for holothurians, the mesenterial tissue is also 
involved. Moreover, dedifferentiation and trans-
differentiation also occur in crinoid regeneration, 
with the coelomic epithelium being an important 
source of new cells.  

    Nervous System Regeneration 

 Regeneration of the nervous system is an integral 
part of regeneration of amputated limbs in cri-
noids, asteroids, and ophiuroids. However, it is 
from the recent study of holothuroids that new 
insights have been gained (see Mashanov et al. 
 2008 ,  2013 ). After transection of the radial nerve 
cord (RNC) in  Eupentacta fraudatrix , the RNC 
regenerates and reconnects in about 20 days. This 
process involves the two components of the nerve 
cord, the so-called ectoneural and hyponeural 
cords. Cell proliferation and death (apoptosis) are 
involved, and radial glial cells are the major 
source of new cells (neurons and glia). Through a 
process of dedifferentiation, the radial glia enter 
into the mitotic cycle and produce the new cells 
(though some neurons are also seen entering 
mitosis). While initially dedifferentiation is 
located at the stump, later on it spreads to other 
regions of the RNC. Mitotic activity in both 
halves of the transected nerve cord leads to the 
growth of the stumps towards each other. During 
this period, mitotic cells in the areas behind the 
stump enter into differentiation and restore the 
normal cytoarchitecture of the nerve cord. The 
fi nal process is the fusing of the growing tips, 
which gives rise to a fully functional cord. 

 Interestingly, it has been shown that in mam-
mals, glial cells are also involved in the regenera-
tive process, as in holothurians (and probably in 
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all echinoderms), but, while in echinoderms the 
radial glia are active in the regeneration process 
(Mashanov et al.  2013 ), in mammals glial cells 
become a factor that block the process (Shearer 
and Fawcett  2001 ). In early-branching verte-
brates, the glial reaction is, instead, permissive of 
regeneration (Zukor et al.  2011 ). This reaction 
may be linked to the fact that early-branching 
vertebrates also keep, during adulthood, a popu-
lation of competent radial glial cells. This is not 
the case with mammals. Overall, it appears that 
the glial reaction modulates the (limited) regen-
erative capacity of the nervous system across the 
vertebrates (Horner and Gage  2000 ). 

 Although our knowledge on regenerative pro-
cesses in different echinoderms has recently 
improved, we are still missing key information 
regarding cellular and molecular aspects that 
control echinoderm regeneration. Gaining knowl-
edge is mostly hampered by the lack of suitable 
techniques, particularly in the realms of gene 
knockdown and transgenesis. However, this situ-
ation may change over the next few years, given 
the speed with which new molecular technolo-
gies tend to move from the traditional model sys-
tems to others.   

    OUTLOOK 

 Echinoderms have been used as models in devel-
opmental biology for more than a century. Areas 
ranging from the analysis of early embryogenesis 
to the study of regeneration mechanisms have 
been illuminated by the use of echinoderm model 
systems. Moreover, the well-preserved fossil 
record of the group provides an excellent refer-
ence framework to analyze evolutionary innova-
tions. The recent increase in papers describing 
genomic and transcriptomic analysis in several 
species of the phylum and the astounding success 
of incorporating high-throughput methods to ana-
lyze gene regulatory networks suggest that we are 
entering an era where many fundamental prob-
lems in EvoDevo will be tractable in the labora-
tory, also using echinoderms as model organisms. 
Challenges in understanding the changes, ranging 
from cell lineage specifi cation to the evolution of 
larval forms, or the genesis of adult structures 

through metamorphosis, will be more amenable 
to address using experimental approaches. 

 However, there are still some research areas 
that will need particular attention. The develop-
ment of non-echinoid echinoderms has to be fur-
ther explored, including their molecular control. 
Our current knowledge of postembryonic devel-
opment is limited, especially the development of 
adult structures, which is particularly relevant for 
modeling the origin of pentameral symmetry. 
The need of experimental techniques to analyze 
postembryonic development is urgent. These 
techniques should prove especially useful in the 
analysis of adult processes such as regeneration. 

 The future looks bright for the use of echino-
derm models in EvoDevo, although this should 
not deter us from improving our knowledge on 
the last-mentioned (and mostly neglected) areas 
of research.  

    OPEN QUESTIONS 

•     The molecular control of echinoderm embry-
ology (other than echinoids)  

•   The evolution of echinoderm embryogenesis  
•   The evolution of echinoderm genomes and 

morphologies (from populations to species 
and higher taxa)  

•   The evolution of gene regulatory networks 
(the mechanistic basis)  

•   The developmental and genetic basis of echi-
noderm life history evolution  

•   Larval morphogenesis and the development of 
adult echinoderm structures, from molecules 
to morphologies  

•   The axial affi nities of the adult echinoderm 
body with the AP axis of other Bilateria  

•   The molecular control of regeneration     

   NOTE ADDED IN PROOFS 

 In the recent paper by Baughman et al.  2014  the 
authors show that the sea star  Acanthaster planci  
has an almost complete HOX cluster, without any 
major reorganization as it is seen in the genome 
of the echinoid  Strongylocentrotus purpuratus . 
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This would suggest that the HOX cluster was 
reorganized specifi cally in the echinoid lineage 
and that the other echinoderm classes do not 
share the structure described for  S. purpuratus.  
Moreover, this indicates that the ancestral state 
for the Echinodermata is having an unmodifi ed 
HOX cluster.     
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       INTRODUCTION 

    Synopsis 

 Hemichordata is a group of exclusively marine 
animals, consisting of two subgroups, the sessile 
and small colonial pterobranchs and the soli-
tary, vermiform enteropneusts (acorn worms) 
(Fig.  2.1 ; van der Horst  1939 ; Hyman  1959 ; 
Benito and Pardos  1997 ). With about 130 
described species, Hemichordata comprises a rela-
tively small taxon of benthic animals (  http://www.
marinespecies.org/index.php    ; Cameron  2005 ). 
They are distributed worldwide and inhabit shal-
low coastal areas but are also found in the deep 
sea. For a long time, pterobranchs have been 
known only from deep waters, whereas entero-
pneusts were thought to burrow mainly in shallow 
waters. However, within the last fi ve decades, 
about a dozen of different enteropneusts have been 
documented in the deep sea (Osborn et al.  2012 ). 
In contrast, pterobranchs have been found in inter-
tidal zones of tropical waters only recently (Lester 
 1985 ) and might have been overlooked previously 
due to their minute size and superfi cial similarities 
in their gross morphology with other tube- dwelling 
animals, such as polychaetes and ectoprocts.  

 Enteropneusts as well as pterobranchs exhibit 
a tripartite body organisation divided into an 
anterior prosome, a mesosome and a posterior 
metasomal region (Fig.  2.1 ). In enteropneusts, 
the prosome is called “acorn” or “proboscis”, 
while in pterobranchs, it is termed “mouth 
shield”. The middle body region encompasses 
the anteroventral mouth opening and is referred 
to as the “collar” or “mesosome”, respectively. 
The mesosome of pterobranchs holds a tentacular 
crown for fi lter feeding (van der Horst  1939 ; 
Benito and Pardos  1997 ). 

 Both hemichordate groups have a characteris-
tic excretory system in the prosoma. It is com-
posed of a contractile pericardium that encloses 
the heart sinus that anteriorly continues into the 
glomerulus. The glomerulus is a highly dilated 
blood plexus lined by podocytes that are capable 
of mediating ultrafi ltration into the protocoel. 
The accumulated ultrafi ltrate then leaves the pro-
tocoel via the proboscis pore (Balser and Ruppert 
 1990 ). Indeed, such an excretory complex is also 
present in echinoderms (axial complex), thus rep-
resenting a synapomorphy for Ambulacraria, yet 
in hemichordates, the unique stomochord is 
incorporated into this complex (Dohle  2004 ). 
The stomochord is an endodermal protrusion 
fi lled with vacuolated cells surrounded by a 

A B

C

  Fig. 2.1    Overview of the general morphology of hemichor-
dates. ( A ) Habitus of an adult pterobranch,  Cephalodiscus  
sp (Modifi ed from Lester  1985 ), 2.5 mm. ( B ) Adult speci-
men of  Balanoglossus clavigerus  (Ptychoderidae), 25 cm. 
(C) Adult specimen of  Saccoglossus mereschkowskii  

(Harrimaniidae), 4 cm ( B ,  C  modifi ed from Goldschmid 
 2007 ).  a  anus,  cn  coenecium,  co  collar,  go  gonads,  gs  gill 
slit,  gw  genital wing,  li  liver sacs,  me  mesosome,  ms  mouth 
shield,  msc  mesocoelic pore,  pr  proboscis,  st  stalk,  te  tenta-
cles,  tr  trunk       
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thickened extracellular matrix that serves as a 
supportive structure for the pericardium- 
glomerulus complex (Balser and Ruppert  1990 ; 
Mayer and Bartolomaeus  2003 ; Kaul-Strehlow 
and Stach  2011 ; Merker et al.  2013 ). A possible 
homology between the stomochord and the noto-
chord of chordates is still debated. 

    Enteropneusta 
 Enteropneusta comprises less than 110 described 
species of worm-shaped animals (Cameron  2005 ) 
ranging from 0.5 mm to more than 2 m in size 
(Hyman  1959 ; Worsaae et al.  2012 ). Acorn 
worms are usually ground dwellers that live in 
muddy or sandy sediments; only few are known 
to be associated with the undersides of rocks 
(Spengel  1893 ; Hyman  1959 ; Cameron  2005 ). 
The body of acorn worms is vermiform and can 
be subdivided into three regions, each of which is 
supported internally by a corresponding coelo-
mic cavity (Spengel  1893 ; Morgan  1894 ). The 
anterior proboscis differs in shape from long and 
slender (Fig.  2.1C ) to conical and short (Fig.  2.1B ; 
van der Horst  1939 ). Posteriorly, the proboscis 
connects to the collar region (mesosome) by a 
robust stalk. The highly muscular proboscis is the 
main locomotory organ and is used for the search 
for food and burrowing (van der Horst  1939 ; 
Benito and Pardos  1997 ). The short and barrel- 
shaped collar region surrounds and overlaps the 
posterior part of the proboscis including the pro-
boscis stalk (Fig.  2.1B, C ). The mouth opening is 
positioned ventrofrontally between the constric-
tion separating proboscis and collar region 
(Bateson  1884 ,  1885 ; Spengel  1893 ). The middle 
collar region is followed by the long trunk region 
that forms the largest part of the enteropneust 
body. The trunk is functionally differentiated into 
the anterior branchio-genital region, the middle 
hepatic region and the posterior abdominal (intes-
tine) region (Fig.  2.1B, C ; Spengel  1893 ; Hyman 
 1959 ). A bilateral row of numerous dorsolateral 
gill slits accompanies the branchio-genital region. 
In many large species in particular, the special-
ised hepatic region is characterised by numerous 
liver sacs that are projections of the intestine and 
body wall (Fig.  2.1B ). The tubular abdominal 
region is comparatively long and bears the anus 

at its terminal end. The nervous system of entero-
pneusts is developed as a basiepidermal nerve net 
throughout the body (Silén  1950 ; Bullock and 
Horridge  1965 ). More condensed areas are pres-
ent in the trunk region, where they constitute a 
dorsal and a ventral median longitudinal nerve 
cord, respectively (Bullock  1946 ; Knight- Jones 
 1952 ). Furthermore, the dorsal nerve cord contin-
ues anteriorly into the collar region to form the 
subepidermal, hollow collar cord that is reminis-
cent of the neural tube present in chordates 
(Morgan  1894 ; Kaul and Stach  2010 ; Miyamoto 
and Wada  2013 ). The collar cord links to the 
basiepidermal plexus at the base of the proboscis, 
that is, the proboscis stem. Given that entero-
pneusts mainly consist of soft body parts, they 
are bad candidates for leaving fossilising remains, 
explaining their poor fossil record. Nevertheless, 
a recent fi nding of a tube-dwelling enteropneust 
dates their origin back to at least the Cambrian 
(Caron et al.  2013 ).  

    Pterobranchia 
 Pterobranchia is a small taxon consisting of 
roughly 25 species, of which all are colonial and 
semi-sessile animals (Cameron  2005 ; Nielsen 
 2011 ). They are tube dwellers that secrete the so- 
called coenecium from the anterior mouth shield 
(Fig.  2.1A ). The body size of the individual zooid 
lies between 1 and 5 mm and an entire colony is 
built from a single larva that reproduces asexu-
ally by budding (Anderson  1907 ; van der Horst 
 1939 ). The mesosome is equipped with tentacles 
that are used for fi lter feeding and probably also 
serve respiratory function. The bulbous trunk 
region harbours most of the U-shaped digestive 
tract including the posterior pharynx, stomach 
and intestine. The anus opens on the dorsal side 
of the anterior trunk region, just behind the meso-
some. The nervous system of pterobranchs con-
stitutes a basiepidermal nerve net. Additionally, 
a prominent dorsal brain is present at the base of 
the mesosomal tentacles (Dilly et al.  1975 ; 
Rehkämper et al.  1987 ; Stach et al.  2012 ). The 
brain features an anterior neuron-rich area com-
posed of serotonergic and giant neurons as well 
as a posterior neuropil. Further concentrated 
parts of the peripheral nervous system are  tentacle 
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nerves, a ventral stalk nerve and a pair of bran-
chial nerves in  Cephalodiscus gracilis  (Stach 
et al.  2012 ). Pterobranchs mainly live associated 
with hard substrates since their secreted tubes 
build encrusting aggregates on rocks and shells. 
The majority of described species have been col-
lected in the deep sea and only few species are 
known from shallow waters. These include 
 Rhabdopleura normani  and  C. gracilis  that can 
easily be accessed by snorkelling in shallow 
waters on the Bermuda Islands (Lester  1985 , 
 1988a ,  b ) or  Rhabdopleura compacta  that lives 
off the south coasts of England (Sato et al.  2008 ). 
Due to their secreted tubes, pterobranchs are 
associated with the fossil group Graptolithina 
that are known from the Cambrian through the 
Carboniferous. Graptolithina composes a quite 
diverse group of fossils of pelagic tube-dwelling 
colonies that are supposed to be closely related to 
the extant genus  Rhabdopleura  (Sato et al.  2008 ). 

 Within the last couple of years, Sato and col-
leagues have begun to develop  Rhabdopleura 
compacta , a species that can be found in the 
south of England, as an emerging model organ-
ism that can be used for developmental studies 
(Sato et al.  2008 ,  2009 ; Sato and Holland  2008 ).   

    Historical Background 

 The very fi rst mentioning of an enteropneust can 
be traced back to the work of Friedrich 
Eschscholtz in 1825, who described a wormlike 
animal named  Ptychodera  that he interpreted as a 
new species of holothuroid echinoderms 
(Eschscholtz  1825 ). Only a few years later, and 
without knowledge of Eschscholtz’ description, 
Stefano Delle Chaje documented a sand-dwelling 
worm that he named  Balanoglossus clavigerus  
(Delle Chaje  1829 ). However, both reports were 
only short notes showing sketchy drawings, and 
it was not before 1866 until the fi rst detailed ana-
tomical description of an enteropneust was pub-
lished by Alexander Kowalevsky ( 1866 ). At that 
time, phylogenetic relationships of enteropneusts 
were controversially discussed. Because of a ver-
miform body, a closer relationship to either 

nemerteans, annelids or other “worms” was sug-
gested, but also holothurians were considered as 
relatives. Interestingly, a conspicuous larva, fi rst 
documented around 1850, played a more impor-
tant role in resolving this issue than initially 
thought. In 1849, Johannes Müller found a pecu-
liar larva in the plankton near Marseille, France. 
He named this larva “tornaria” and placed it in a 
closer connection to the bipinnaria of sea stars, 
because of similarities in the arrangement of the 
ciliary bands (Müller  1850 ). At the same time, 
a similar larva was found by August Krohn, but 
this one had a much more sinuously running cili-
ary band and he suggested this to be a different 
species (Krohn  1854 ). In those days, it was not 
known that these varying larvae actually display 
successive developmental stages. Nowadays, this 
particular larval stage with secondary lobes and 
saddles of the ciliary feeding band (neotroch) is 
called “Krohn stage”, referring to its original 
describer. In fact, all of the succeeding larval 
stages have later on been given specifi c names, 
being in connection to the historical background 
of their discovery. This will be discussed 
more precisely in the paragraph dealing with late 
development. Nevertheless, it was Elias 
Metschnikoff who made a promising fi nding in 
1870, when he collected a larva that showed 
 similarities with the worm of  Balanoglossus  
(Metschnikoff  1870 ), yet his colleagues did not 
believe in a connection between echinoderm-like 
tornaria and the wormlike enteropneust. It took 
three more years until Alexander Agassiz suc-
cessfully documented the metamorphosis of a 
tornaria larva into a juvenile  Balanoglossus , thus 
fi nally unravelling the larva’s unknown affi liation 
(Agassiz  1873 ). In the following years, a number 
of descriptive studies were added to the existing 
list. Bateson published a study of direct develop-
ment of  Saccoglossus kowalevskii  without a tor-
naria larva and at the same time he was the fi rst 
who observed early cleavage stages in entero-
pneusts (Bateson  1884 ,  1885 ,  1886 ). He sug-
gested a close relationship of enteropneusts with 
chordates, because of shared characters such as 
gill slits, stomochord and a neurulated collar 
cord. 
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 Since then, consecutive studies on various 
aspects of enteropneusts have signifi cantly 
increased our understanding of the group and 
were summarised in several classical text-
books and treatises such as Spengel’s mono-
graph on enteropneusts ( 1893 ), van der Horst’s 
“Enteropneusta” in  Bronn’s Klassen und 
Ordnungen des Tierreichs  ( 1939 ) or Hyman’s 
 The Invertebrates  ( 1959 ), to name but a few. 
Strangely, the interest in enteropneust research 
declined within the last half of the twentieth cen-
tury and relatively few works were published. 
Only recently, with upcoming immunocyto-
chemical as well as molecular techniques and 
the new fi eld of “EvoDevo” research, people 
have rediscovered the potential and importance 
of enteropneusts in unravelling evolutionary 
developmental questions (Tagawa et al.  1998a , 
 b ; Lowe et al.  2003 ,  2006 ; Röttinger and 
Martindale  2011 ; Röttinger and Lowe  2012 ; and 
references therein).  

    Systematics and Phylogenetic 
Relationships 

 Morphologically, hemichordates are well sup-
ported as deuterostome animals, because the 
main coelomic cavities originate from the arch-
enteron by enterocoely and the mouth is formed 
secondarily during development. However, the 
exact position of Hemichordata within the 
Deuterostomia and its putative sister group has 
been controversially discussed within the last 
decade, due to incongruent morphological as 
well as molecular data. On the one hand, shared 
chordate features such as gill slits, stomochord 
and neurulated collar cord in enteropneusts lead 
already Bateson ( 1885 ) and Barrington ( 1965 ) to 
suggest a closer relationship of Hemichordata 
and Chordata. Indeed, phylogenetic analyses 
based on morphological characters strongly sup-
port this view (Young  1962 ; Maisey  1986 ; 
Schaeffer  1987 ; Ax  2001 ). However, more recent 
molecular phylogenetic analyses consistently 
reveal a sister group relationship between 
Hemichordata and Echinodermata, comprising 

the Ambulacraria (Fig.  2.2 ; Bourlat et al.  2006 ; 
Cannon et al.  2009 ; Hejnol et al.  2009 ; 
Edgecombe et al.  2011 ). At present, Ambulacraria 
seems to be widely accepted and is also morpho-
logically supported by a shared larval type 
(dipleurula with specialised neotroch ciliary 
band) as well as similar coelomic systems and 
excretory organs. Pterobranchs and enteropneusts 
are classically treated as sister groups, yet molec-
ular phylogenetic analyses strongly support the 
position of pterobranchs as a sister group to 
Harrimaniidae (an enteropneust subclade), thus 
rendering Enteropneusta paraphyletic (Fig.  2.2 ; 
Cameron et al.  2000 ; Cannon et al.  2009 ; Osborn 
et al.  2012 ). The possibility that pterobranchs 
evolved a sessile and colonial lifestyle second-
arily from a solitary, wormlike enteropneust 
ancestor has further been supported by the recent 
discovery of a tubicolous enteropneust from the 
Cambrian (Caron et al.  2013 ).  

 There are three main subclades to which the 
majority of enteropneust species belong to, 
namely, Ptychoderidae (Spengel  1893 ), 
Spengelidae (Willey  1898 ) and Harrimaniidae 
(Spengel  1901 ) (Fig.  2.2 ). A fourth taxon has 
recently been described, the Torquaratoridae 
(Holland et al.  2005 ), comprising enteropneusts 
from the deep sea (Osborn et al.  2012 ). Members 
of the Torquaratoridae are characterised by lack-
ing a stomochord as adults. Moreover, the pro-
boscis skeleton is either reduced to a small 
plate or completely absent. The Ptychoderidae 
includes the fi rst enteropneust species described, 
 Ptychodera fl ava , and is characterised by the 
presence of gill-slit synapticles and a distinct 
trunk region featuring liver sacs and genital 
wings (Figs.  2.1B  and  2.2 ). Members of the 
Spengelidae do not exhibit genital wings at the 
trunk region and liver sacs were only described 
for the genus  Schizocardium  (Spengel  1893 ; 
Cameron  2005 ). 

 Ptychoderidae and Spengelidae possess a 
biphasic life cycle and develop indirectly via a 
pelagic tornaria larva. Harrimaniidae includes the 
smallest representative of an acorn worm 
described so far,  Meioglossus psammophilus  
(Worsaae et al.  2012 ), with less than 1 mm in 
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length. This taxon possesses the simplest anat-
omy, as their members lack liver sacs as well as 
genital wings within the dorsal trunk region 
(Fig.  2.1C ). Also, the gill slits in harrimaniids are 
not supported by synapticles as in other entero-
pneust subclades (van der Horst  1939 ; Cameron 
 2005 ). Harrimaniid enteropneusts such as 
 Saccoglossus  develop directly, not passing 
through an extended pelagic stage. The hatch-
lings resemble young adults and soon settle in the 
sediment to grow into a juvenile enteropneust. 

 Pterobranchs are grouped into two genera, 
 Cephalodiscus  (M’Intosh   1882 ) and  Rhabdo-
pleura  (Allman   1869 ) (Fig.  2.2 ). A putative third 
genus is monotypic with  Atubaria heterolopha  
(Sato  1936 ) from deeper Japanese waters, yet 
the validity of this genus is questionable 
(Mierzejewski  2004 ). Many  Cephalodiscus  spe-

cies live in fi ngerlike branched coenecia and 
have individual zooids, although in some spe-
cies, the zooids are linked to each other by the 
posterior stalk (Lester  1985 ).  Cephalodiscus  spp. 
are characterised by a globular metasomal 
region, one pair of gill slits, two gonads and 
mesocoel pores and between fi ve and nine pairs 
of tentacles on the mesosome (Hyman  1959 ). 
A muscular stalk is present at the posterior end of 
the metasomal region and aids in its withdrawal 
into the coenecium. Species of the genera 
 Rhabdopleura , in contrast, bear only a single 
pair of tentacles on the mesosome, have only one 
gonad and lack gill pores altogether (Schepotieff 
 1907 ; van der Horst  1939 ). The zooids of one 
colony live in tubular coenecia and stay intercon-
nected by the stalk throughout lifetime (Lankester 
 1884 ; Hyman  1959 ).   

  Fig. 2.2    Deuterostome phylogeny. Cladogram compiled 
from recent phylogenetic analyses (Osborn et al.  2012 ; 
Worsaae et al.  2012 ). The position of Xenacoelomorpha is 

debated and not shown here (Hejnol et al.  2009 ; Philippe 
et al.  2011 )       

 

S. Kaul-Strehlow and E. Röttinger



65

    EARLY DEVELOPMENT 

    Development in Pterobranchs 

 Pterobranchs are less frequently encountered as 
enteropneusts, which is why knowledge on the 
reproduction and development of these minute 
animals is still fragmentary. So far, it is known 
from  Rhabdopleura  that the fertilised, yolk-rich 
egg undergoes holoblastic, radial and equal 
cleavage, eventually leading to a uniformly cili-
ated larva (Fig.  2.3A–G ; Stebbing  1970 ; Dilly 
 1973 ; Lester  1988a ). The larva is of elongated 
shape with a tapering posterior end (Sato et al. 
 2008 ). Its colour is opaque and yellowish. 
A brown spotty pigmentation is present over the 

body and the larva exhibits a conspicuous ventral 
depression (Fig.  2.3F, G ). After a short pelagic 
period, the larva tests the substrate and eventually 
settles with the ventral side secreting a cocoon. 
Inside the cocoon, the metamorphosing larva 
develops the anlagen of the tentacles, the mouth 
shield and the metasome; thus, the future tripar-
tite body organisation is already established 
(Fig.  2.3H–K ; Lester  1988b ). After a few days, 
the cocoon breaks and the zooid starts to form its 
coenecium, thereby founding a new colony 
(Fig.  2.3L ). In  Cephalodiscus , even less is known 
about development, although a few accounts on 
single developmental stages are present (Harmer 
 1905 ; Anderson  1907 ; Schepotieff  1907 ; Dilly 
 2013 ). A recent ultrastructural study shows an 
elongated, three-layered embryonic stage of  C. 

A B C D E

F

I K L

G H

  Fig. 2.3    Development and metamorphosis of 
 Rhabdopleura normani . ( A ) Zygote. ( B ) Two-cell stage. 
( C ) Four-cell stage. ( D ) Eight-cell stage. ( E ) Spherical, 
ciliated embryo. ( F ) Swimming larva from dorsal. 
( G ) Swimming larva from ventral. ( H ) Metamorphosing 
larva in secreted cocoon, approx. 12 h after settlement. 
Lateral view. ( I ) Same as in  H , approx. 33 h after settle-

ment. ( K ) Hatching juvenile, approx. 100 h after settle-
ment. ( L ) Zooid in secreted coenecium. Drawings not to 
scale (Modifi ed from Lester  1988a ,  b ).  ar  arm holding 
tentacles,  cn  coenecium,  co  cocoon,  ms  mouth shield,  so  
sensory organ,  st  stalk,  te  tentacle,  tr  trunk,  vd  ventral 
depression       
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gracilis  (Stach  2013 ). The prospective meso- and 
metacoels are already separated from the endo-
derm, whereas the prospective protocoel is still 
continuous with the endoderm. The one pair of 
gill pores seems to develop asynchronously, in 
favour of the left side. The creeping larva lacks 
any planktonic specialisations and might develop 
directly into a young zooid without passing 
through a pelagic stage.   

    Development in Enteropneusts 

 Fertilisation is external in all studied enteropneusts 
and spawning is usually dependent of the species’ 
habitat and correlated with seasons, whereby tem-
perature and light intensity play a major role 
(Hadfi eld  1975 ). As outlined before, two different 
modes of development have been observed in 
enteropneusts. Whereas members of Ptychoderidae 
and Spengelidae develop a pelagic larval stage, the 
tornaria, harrimaniid enteropneusts develop 
directly from yolk-rich eggs. Early development 
including cleavage patterns has been described for 
several enteropneust species (Bateson  1884 ; 
Stiasny  1914a ; Burdon-Jones  1952 ; Colwin and 
Colwin  1953 ; Tagawa et al.  1998a ; Urata and 
Yamaguchi  2004 ). In all studied enteropneusts, 
cleavage is radial, holoblastic and nearly equal. 

    Embryology in Direct Developing 
Enteropneusts 
 In direct developing enteropneusts such as 
 Saccoglossus kowalevskii , a gravid female 
spawns between 200 and 1.000 oocytes with a 
diameter of about 300 μm. After fertilisation, a 
thick vitelline membrane is formed around the 
zygote. Subsequently, the fertilised egg under-
goes radial cleavage of which the two fi rst cleav-
ages are meridional and the third is latitudinal 
(Bateson  1884 ; Colwin and Colwin  1953 ). The 
fourth cleavage results in a single animal tier of 
eight cells (Fig.  2.4 ), whereas the vegetal cells 
divide latitudinally to yield an upper tier of four 
larger cells as well as a lower tier of four smaller 
cells. Cell labelling in  Saccoglossus  showed that 
the cells of the animal tier give rise to the ante-
rior ectoderm, while the upper tier of vegetal 

cells will form the middle and posterior ecto-
derm (Colwin and Colwin  1951 ; Darras et al. 
 2011 ). Only the cells of the lower vegetal tier 
will differentiate into endo- as well as mesoderm 
(Fig.  2.4 ). Continuous cleavages lead to a 
rounded coeloblastula. Before gastrulation, the 
blastula becomes cup-shaped by fl attening of the 
animal- vegetal axis, while at the same time, 
the thickened vegetal pole invaginates circumfer-
entially (Colwin and Colwin  1953 ). After 
 gastrulation of the prospective endomesoderm, 
the blastopore closes and the embryo again 
 elongates along the anterior-posterior axis 
(Fig.  2.5A ). At this time of development, the 
opisthotroch (ciliary band), composed of numer-
ous long compound cilia, is visible demarcating 
the postanal fi eld. The embryos start to spin 
around within the vitelline membrane as soon as 
the cilia start to beat. Only a few hours later, a 
circumferential groove starts to subdivide the 
embryo in an anterior proboscis region and a 
posterior region constituting the future collar and 
trunk (Fig.  2.5B ). At this stage, the anterior part 
of the invaginated archenteron separates as the 
fi rst coelomic cavity, thereby forming the future 
protocoel (Figs.  2.4  and  2.6A ). The paired meso- 
and metacoels are present as separated evagina-
tions from the middle and posterior regions of 
the archenteron (Figs.  2.6A ), yet are still con-
nected to the archenteron. Around 4 days after 
fertilisation, the embryos are of elongated shape 
with a perianal fi eld that is bent ventrally 
(Fig  2.5C ). A second circular groove forms the 
border between the collar and trunk region. By 
this stage, the meso- and metacoels are pinched 
off and enclose the endoderm almost completely. 
A sixth, yet small coelomic cavity is situated at 
the posterodorsal base of the proboscis and will 
later differentiate into the pericardium or heart 
vesicle. In contrast to the pro-, meso- and meta-
coels that originate from the endoderm by entero-
coely, the pericardium develops by schizocoely 
from the ectoderm in  S. kowalevskii  (Kaul- 
Strehlow and Stach  2011 ). Schizocoely is typical 
for formation of the mesoderm in various proto-
stomes and only rare cases in deuterostomes are 
known (Technau and Scholz  2003 ). The endo-
derm connects to the exterior on the ventral side 
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just between the proboscis and collar region, 
forming the mouth opening, whereas the anus is 
still closed. The developing stomochord 
 protrudes into the proboscis base as a short, rod-
like extension from the anterodorsal roof of the 
endoderm. Closely behind the posterior margin 

of the collar region, the endoderm pierces 
through the metacoel of the trunk region and 
establishes contact with the ectoderm, thereby 
forming the anlagen of the fi rst pair of gill pores 
(Fig  2.6C ). Embryogenesis is usually complete 
at around 5 days after fertilisation in embryos 

  Fig. 2.4    Early embryology of direct and indirect devel-
oping enteropneusts.  Upper row : the direct developing 
harrimaniid  Saccoglossus kowalevskii. Lower row : the 

indirect developing ptychoderid  Ptychodera fl ava . The 
exact timing of separation of endo- and mesoderm remains 
unclear       

a b c

d e f

  Fig. 2.5    Scanning electron micrographs of developmen-
tal stages of  Saccoglossus kowalevskii . ( A – C ) Fertilisation 
membrane removed. ( A ) Late gastrula. ( B ) Early kink 
stage. ( C ) Dorsal fl exure stage. ( D ) One-gill-slit hatch-
ling. ( E ) Early settling juvenile. Note the ventral creeping 

sole ( arrowheads ) and the postanal tail. ( F ) Three-gill-slit 
juvenile with adult-like gross morphology.  co  collar,  gp  
gill pore,  mo  mouth opening,  op  opisthotroch,  pa  perianal 
fi eld,  pat  postanal tail,  pr  proboscis,  tr  trunk (© Sabrina 
Kaul-Strehlow 2015. All Rights Reserved)       

 

 

2 Hemichordata



68

cultured at 22 °C and hatch from the fertilisation 
membrane (Colwin and Colwin  1953 ; Lowe 
et al.  2004 ). At that time,  Saccoglossus  exhibits 
an elongated body shape measuring ~500 μm in 
length with a ventrally bent perianal fi eld 

(Figs.  2.5D  and  2.6D ). One pair of dorsolateral 
gill pores is present in the anterior part of the 
trunk region. After hatching, the animals swim in 
the water column for a couple of hours and soon 
start to burrow and feed in the sediment.     

A

D

F

E

B C

  Fig. 2.6    3D reconstructions of major organ systems in 
different developmental stages of  Saccoglossus kowa-
levskii  based on complete serial semithin sections. Note, 
only the centralised parts of the nervous system are recon-
structed in ( D – F ); the nerve net is not shown. Anterior is 
(almost) to the left in all images. ( A ) Late gastrula with 
anlagen of the prospective meso- and metacoels. The 
anterior protocoel has already pinched off of the endo-
derm. ( B ) Early kink stage. Meso- and metacoels are 
separated from endoderm. The pericardium emerges at 
the dorsal base of the protocoel. ( C ) Dorsal fl exure stage 

showing anlagen of the fi rst pair of gill pores. ( D ) One-
gill-slit hatchling with opened pair of gill pores and neu-
rulating collar cord in the mesosome. ( E ) Two-gill-slit 
juvenile with resembling adult morphology. ( F ) Close-up 
showing the inner organisation of the proboscis, collar 
and anterior trunk region in detail.  agp  anlage of gill pore, 
 cc  collar cord,  dnc  dorsal nerve cord,  gb  gill bar,  gl  glom-
erulus,  gp  gill pore,  hs  heart sinus,  pat  postanal tail,  pd  
pericardium,  psk  proboscis skeleton,  pst  proboscis stem, 
 st  stomochord,  vnc  ventral nerve cord       
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    Embryology in Indirect Developing 
Enteropneusts 
 The ontogeny including metamorphosis of indi-
rect developing enteropneusts has been studied in 
species of the genera  Balanoglossus  and 
 Ptychodera  (Morgan  1891 ; Stiasny  1914a ,  b ; 
Tagawa et al.  1998a ; Urata and Yamaguchi  2004 ; 
Nielsen and Hay-Schmidt  2007 ; Miyamoto et al. 
 2010 ). Only recently, the fi rst study of the devel-
opment of a member of the Spengelidae, 
 Glandiceps hacksi , has been investigated (Urata 
et al.  2014 ). Although the later development of 
indirect developers differs considerably from 
direct developers such as  Saccoglossus , cleavage 
patterns and fate maps are identical and moreover 
show strong resemblance to sea urchins (Henry 
et al.  2001 ; see Chapter   1    ). The 16-cell stage of 
 Ptychodera fl ava  comprises an animal tier of 
eight cells (primordial anterior ectoderm), an 
upper vegetal tier of four cells (primordial poste-
rior ectoderm) as well as a lower vegetal tier of 
four cells (primordial endomesoderm) (Fig.  2.4 ; 
Tagawa et al.  1998a ). Subsequent cleavages give 
rise to a coeloblastula. Cleavage speed varies 
greatly between enteropneust species. Whereas 
in  P. fl ava  it takes about ~18 h post fertilisation 
(pf) until gastrulation starts (cultured at 22–24 °C) 
(Tagawa et al.  1998a ), it begins at around ~13 h 
pf in  Balanoglossus clavigerus  (cultured at 
20 °C) (Stiasny  1914a ), and in  B. misakiensis , 
this stage is already reached within ~9 h pf (cul-
tured at 26 °C) (Urata and Yamaguchi  2004 ). At 
the end of gastrulation, the blastopore is closed 
and the protocoel is pinched off from the anterior 
region of the archenteron. The protocoel soon 
attaches to the epidermis of the animal pole and 
fuses with the dorsal ectoderm to form the hydro-
pore. After ~45 h pf, embryonic development is 
completed in  P. fl ava  and the larva hatches from 
the fertilisation membrane to instantly start 
swimming (Tagawa et al.  1998a ; Nielsen and 
Hay-Schmidt  2007 ). The early larva is of more or 
less spherical shape and soon develops into the 
typical tornaria larva. The fi rst tornaria stage is 
called Müller stage and is characterised by a 
closed mouth as well as anus, open hydropore 
and a developing neotroch (circumoral ciliary 
band). The digestive tract is tripartite and com-

posed of pharynx, stomach and intestine. In 
contrast to  P. fl ava , which has a comparably 
long larval development for enteropneusts, the 
Japanese species  B. misakiensis  exhibits a 
shortened larval cycle and its larva hatches 
already at 24 h pf, thereby skipping the Müller 
stage (Urata and Yamaguchi  2004 ). Early hatched 
larvae of  B. misakiensis  have already developed 
an opisthotroch that typically characterises the 
Heider (second) stage of tornaria larvae 
(Fig.  2.7A ). In all enteropneusts studied so far, 
the hydropore opens only after the protocoel has 
separated from the endoderm (Spengel  1893 ; 
Hyman  1959 ). However, in the recently studied 
spengelid  Glandiceps hacksi , the hydropore 
forms prior to this event. This “precocious hydro-
pore formation” is so far unique for the entero-
pneust  G. hacksi , yet it is known also from 
various holothuroid echinoderms (Urata et al. 
 2014  and references therein).     

    LATE DEVELOPMENT 

    Late Development in Direct 
Developing Enteropneusts 

 When direct developing enteropneusts such as 
 Saccoglossus kowalevskii  hatch, the fi rst pair of 
gill pores is open and the animals swim actively 
by the propelling opisthotroch. As soon as the 
animals start burrowing in the sand, the opis-
thotroch is remodelled and extends on the ventral 
side of the trunk in order to serve as a creeping 
sole for the juvenile worms (Fig.  2.5E ; Burdon- 
Jones  1952 ; Stach and Kaul  2012 ). As the worms 
grow older, gill pores are added successively and 
the body size gains considerably in length. The 
juveniles measure up to a few millimetres at this 
point and resemble adult worms in many aspects, 
except for the still present postanal tail and the 
lower number of gill pores (Figs.  2.5F  and  2.6E ). 
The protocoel within the proboscis region is lined 
by a myoepithelium that forms the body wall 
musculature, composed of an outer layer of cir-
cular muscles and an inner layer of longitudinal 
muscles. A single proboscis pore is located pos-
terodorsally on the left side and opens to the 
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exterior. The number and position of the probos-
cis pores in enteropneusts is species dependent. 
Accordingly, in some species, bilateral pores are 
present, while in others only a single one is found 

on the right side. The pericardium is situated pos-
teriorly within the protocoel and is dorsally 
attached to the stomochord. The pericardium is a 
small coelomic cavity that is lined ventrally by 

A B C
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  Fig. 2.7    Scanning electron micrographs of developmen-
tal stages of  Balanoglossus misakiensis . ( A ) Early hatched 
Heider stage larva (30 h pf). ( B ) Tornaria at late Heider 
stage (48 h pf) with ventral neurotroch and oral fi eld 
developed. ( C ) Early Metschnikoff stage (120 h pf) show-
ing the beginning of primary lobe formation of the ciliary 
band of the oral fi eld (neotroch). ( D ) Fully grown tornaria 
of  B. misakiensis  at late Metschnikoff stage (10 days pf) 
with deep primary lobes. ( E ) The Spengel stage (13 days 
pf) designates the beginning of metamorphosis and is 
characterised by the fusion of the neotroch, eventually 
obliterating the oral fi eld and reducing the size of the 

body. ( F ) Agassiz stage tornaria (14 days pf) with acorn-
shaped preoral region (future proboscis). This stage is 
competent to undergo settlement. ( G ) Early settled juve-
nile (12 h post settlement) with elaborated collar and elon-
gated trunk region. The larval opisthotroch is still present. 
( H ) Two-gill-slit juvenile (3 days post settlement) that 
already resembles a minute adult enteropneust.  af  aboral 
fi eld,  at  apical tuft,  co  collar,  gs  gill slit,  mo  mouth open-
ing,  ne  neotroch,  nu  neurotroch,  of  oral fi eld,  op  opis-
thotroch,  pa  perianal fi eld,  pr  proboscis (© Sabrina 
Kaul-Strehlow 2015. All Rights Reserved)       
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epithelial muscle cells overlying the heart sinus, 
which is in principle an enlarged area within the 
extracellular matrix (ECM) fi lled with colourless 
blood fl uid (Balser and Ruppert  1990 ). By con-
traction of the pericardial epithelial muscle cells, 
the blood fl uid is forwarded into the anterior 
glomerulus. The glomerulus is a highly ramifi ed 
enlargement of the ECM that is lined with podo-
cytes on the protocoelic side. These podocytes 
have fi ngerlike extensions and are involved in 
fi ltration of the blood fl uid. Together with the 
efferent proboscis pore, the heart-glomerulus 
complex represents the excretory system of 
hemichordates. The digestive tract in these juve-
nile worms is already subdivided into the typical 
regions, the anterior buccal cavity followed by 
the pharyngeal region harbouring the dorsolat-
eral gill pores, connected to the stomach by a 
short and thin tubular esophagus ending in a 
short hindgut region that opens into the anus. 
The paired meso- and metacoels are lined by a 
single layer of epithelial cells that contain basal 
myofi laments. Within the metacoels, these myo-
fi laments constitute a substantial longitudinal 
musculature, in particular on the ventral side. 
The mesocoels send a pair of extensions anteri-
orly through the proboscis stalk into the base of 
the proboscis. These mesocoelic protrusions 
fl ank the stomochord and contain longitudinal 
muscle strands that are involved in moving the 
entire proboscis. The few gill pores situated dor-
solaterally at the anterior trunk region are kid-
ney-shaped with the depression facing dorsally 
(Fig.  2.5F ). Only later a dorsal tongue bar grows 
ventrally to eventually give the gill pores their 
slitlike U shape. Tongue bars are supported inter-
nally by a collagenous bar that forms within the 
ECM. It is the same material of which the pro-
boscis skeleton is made of. The proboscis skele-
ton supports the stomochord ventrally and 
bifurcates within the collar region to fl ank the 
buccal cavity on either side. As the juveniles 
grow, subsequent development primarily 
involves increase of size, particularly trunk elon-
gation, and addition of gill slits. The number of 
gill slits in adult  S. kowalevskii  varies greatly as 
new pairs seem to be added continuously 
throughout lifetime. 

    Neurogenesis in Direct Developing 
Enteropneusts 
 Neurogenesis in direct developing enteropneusts 
such as  Saccoglossus  has been studied thor-
oughly by molecular genetic analyses, yet mor-
phogenetic data are still scarce. At late gastrula 
stage (Fig.  2.5A ), serotonergic neurons form 
throughout the future proboscis region and proj-
ect neurites posteriorly (Cunningham and Casey 
 2014 ). In stages close to hatching, a considerable 
basiepidermal nerve net is developed throughout 
the entire embryo (Kaul and Stach  2010 ). Before 
hatching, the collar cord at the dorsal midline of 
the collar region neurulates gradually from ante-
rior to posterior to fi nally occupy a subepidermal 
position underneath the epidermis (Figs.  2.6D–F  
and  2.8 ). Just after neurulation, the collar cord 
comprises a large area of neuronal precursors that 
surround a central lumen (central canal) and 
small ventral areas fi lled with neurites (Fig.  2.8C ). 
In older juvenile worms, a circumferential 
basiepidermal nerve net is present within the pro-
boscis and collar region. Within the trunk region, 
the majority of neurites seems to run within the 
longitudinal nerve cords, i.e., the dorsal and the 
ventral cord (Kaul and Stach  2010 ), whereas only 
scattered neurites are present laterally. The dorsal 
nerve cord extends posteriorly until the anus and 
is anteriorly continuous with the collar cord. The 
ventral nerve cord is usually broader and runs 
along the midline of the trunk region to end in 
front of the postanal tail. Within the collar region, 
the collar cord is differentiated into a dorsal 
sheath of somata including unipolar giant neu-
rons as well as smaller ependymal cells lining the 
central canal. About two-thirds of the collar cord 
are fi lled with numerous neurites that form a ven-
tral neuropil (Fig.  2.8D ). The collar cord contin-
ues anteriorly into the proboscis stem, a thickened 
area of neurites located at the dorsal base of the 
proboscis (Fig.  2.6E, F ).    

    Late Development in Indirect 
Developing Enteropneusts 

 After hatching, the larvae of the indirect devel-
oper  Balanoglossus misakiensis  are of slightly 
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elongated shape and feature an apical hood 
below which the mouth opening will soon break 
through on the ventral side. A less pronounced 
perianal ciliary ring and the opisthotroch are 
present near the posterior end of the larvae 
(Heider stage) (Fig.  2.7A ). Approximately 1 day 
after hatching, a simple neotroch is developed, 
separating the aboral fi eld from the oral fi eld that 
is used for food collection and transport 
(Fig.  2.7B ). On the ventral side, another longitu-
dinal yet short ciliary band is present, the neu-
rotroch. The larvae swim actively in the water 
column and feed on phytoplankton as soon as the 
mouth and anus have opened. A few days later, 
the tornaria has increased in size and the neo-
troch develops a more complex pattern of ciliary 
bands on the anterior half of the larva by forming 
primary lobes (Fig.  2.7C ). The beginning of pri-
mary lobe formation is characteristic for the 
early Metschnikoff stage. At the anterior tip, a 
pair of dark eye spots is visible alongside the 
central ciliary tuft. During subsequent develop-
ment, the tornaria of  B. misakiensis  grows to a 
remarkable size of 1.5 mm and the primary lobes 
of the neotroch form deep protrusions to enlarge 
the oral fi eld considerably (Fig.  2.7D ). At the 
Metschnikoff stage, adult structures such as the 
proboscis vesicle (pericardium) and the meso- 
and metacoels become apparent. The proboscis 
vesicle forms a small coelomic cavity close to 
the hydropore on the right side (Fig.  2.9A ). Its 
origin seems to be species dependent and has 
been reported from the ectoderm (Spengel  1893 ; 
Stiasny  1914b ) or mesoderm by pinching off of 
the protocoel (Dawydoff  1907 ; Morgan  1894 ; 

Ruppert and Balser  1986 ). The meso- and meta-
coels in  B. misakiensis  form as a lateral pair of 
protrusions from the intestine region (Figs.  2.4  
and  2.9A ). They elongate anteriorly to subse-
quently constrict in the middle to subdivide into 
the anterior mesocoel and posterior metacoel. 
This mode of development has also been reported 
from  B. clavigerus  (Bourne  1889 ; Spengel  1893 ; 
Stiasny  1914a ) and  Glandiceps  sp. (Rao  1953 ). 
In tentaculated tornaria of, e.g.,  Ptychodera , 
however, the meso- and metacoels form from 
multiple clusters of mesenchymatic cells within 
the blastocoel (Morgan  1894 ). After the 
Metschnikoff stage, indirect developers typically 
enter the so-called Krohn stage by developing 
secondary lobes and saddles on the neotroch 
without obvious changes of their internal anat-
omy. In this stage, the tornaria exhibits a more 
compact shape with a nearly planar perianal 
fi eld. The Krohn stage larva may differ morpho-
logically between species and exhibit species- 
specifi c characters. For instance, the Krohn 
tornaria of  Ptychodera fl ava  develops a highly 
sinuous neotroch eventually resulting in small 
tentacles (Hadfi eld  1975 ; Nielsen and Hay-
Schmidt  2007 ). In contrast, the neotroch in  B. 
clavigerus  never develops tentacles on the sec-
ondary lobes, and in  B. misakiensis , the Krohn 
stage is skipped completely by proceeding 
directly into the Spengel stage (Figs.  2.7E  and 
 2.9B ). An elaborated neotroch with tentacles as 
found in  P. fl ava  is likely to result in a more effi -
cient food uptake and correlates with the 
extended pelagic period of up to 5 months in this 
species.  

A B C D

  Fig. 2.8    Semi-schematic illustration of the neurulation 
process in  Saccoglossus kowalevskii  as revealed by trans-
mission electron microscopy. ( A ) Early stage showing 
dorsal neural plate. ( B ) the neural plate  invaginats ven-

trally. ( C ) The neural plate has formed a subepidermal 
tubular nerve cord. ( D ) The collar cord comprises a dorsal 
sheath of soma and a ventral neuropil. (Modifi ed from 
Kaul and Stach  2010 ).  nc  neural canal,  np  neuropil       
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  Fig. 2.9    3D reconstructions of major organ systems in 
different developmental stages of  Balanoglossus 
misakiensis  revealed from complete serial semithin sec-
tions. Opisthotroch and ciliary bands are omitted. Anterior 
to the top in ( A – C ) and to the left in ( D – G ). ( A ) Overview 
of the inner anatomy of a typical tornaria at the 
Metschnikoff stage. ( B ) Spengel stage. All coelomic cavi-
ties have enlarged considerably. The digestive tract is 
pulled backwards. Anlagen of the fi rst gill pores are visi-
ble. ( C ) Agassiz stage with fi rst pair of gill pores opened. 
( D ) Early settled juvenile. The gill slit is U-shaped, 
because of a dorsal tongue bar. The central nervous sys-
tem forms at this stage. ( E ) Two-gill-slit juvenile (3 days 

post settlement). ( F ) Close-up of D showing the inner 
organisation of the proboscis, collar and anterior trunk 
region in detail. ( G ) Close-up of E showing the inner 
organisation of the proboscis, collar and anterior trunk 
region in detail.  agp  anlage of the gill pore,  ams  anlage of 
the mesocoel,  amt  anlage of the metacoel,  ao  apical organ, 
 cc  collar cord,  dnc  dorsal nerve cord,  gl  glomerulus,  gp  
gill pore,  gs  gill slit,  hs  heart sinus,  i  intestine,  mo  mouth 
opening,  msp  mesocoelic pore,  pd  pericardium,  ph  phar-
ynx,  phc  perihaemal cavity,  pnr  peribranchial nerve ring, 
 pp  proboscis pore,  psk  proboscis skeleton,  pst  proboscis 
stem,  sm  stomochord,  st  stomach       
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 All the preceding larval stages (Müller, 
Heider, Metschnikoff, Krohn) comprise the so- 
called progressive larval development where the 
larvae increase in size. The following Spengel 
stage marks the beginning of the regressive larval 
development and is characterised by a decrease 
in size of the larva and remodelling of the preoral 
part by fusion of the ciliary bands of the neotroch 
(Stiasny  1914b ; Agassiz  1873 ; Nielsen and 
 Hay- Schmidt  2007 ). As a result, the future pro-
boscis gets a more and more smooth surface and 
the position of the neotroch is indicated by 
grooves. At the same time, a number of internal 
modifi cations occur. The protocoel enlarges sig-
nifi cantly and begins to fi ll up the preoral part of 
the larva, thereby subsequently reducing the blas-
tocoel (Fig.  2.9B ). The proboscis vesicle has 
increased in size and is now situated dorsally 
onto the developing stomochord. The mouth 
opening and pharynx have shifted backwards and 
the anlagen of the gill pores are visible as paired, 
lateral evaginations from the posterior pharyn-
geal region (Fig.  2.9B ). The meso- and metacoels 
have extended anteriorly as well as medially and 
surround the digestive tract almost completely. 
The Spengel stage in  Balanoglossus misakiensis  
lasts only for a couple of hours and marks the 
transition from the fully grown tornaria into the 
competent Agassiz stage. The Agassiz stage is 
the last stage before the animals settle and grow 
into a juvenile acorn worm. This stage is charac-
terised by the complete absence of the neotroch 
and potential tentacles. The larvae of  B. misakien-
sis  are of elongated shape and the future three 
body regions can be distinguished (Figs.  2.7F  and 
 2.9C ). The anterior proboscis region is conical 
and separated from the posterior part by a deep 
constriction where the mouth opens into on the 
ventral side. The collar region is short and subdi-
vided from the posterior trunk region by a shal-
low circular depression. The former planar 
perianal fi eld is now highly convex as it has 
started to grow out posteriorly. The opisthotroch 
is still well developed and continues to propel the 
larva through the water. The protocoel has com-
pletely extended and opens to the exterior through 
the proboscis pore on the left side of the dorsal 
base of the proboscis (Fig.  2.9C ). The glomerulus 

spans the anterior tip of the protruding stomoch-
ord and is posterodorsally adjoined by the peri-
cardium. In  B. misakiensis , one pair of 
dorsolateral gill pores is present at this stage at 
the anterior margin of the trunk region (Fig.  2.9C ). 
Time and number of formation of gill pores is 
species specifi c, since reports from other entero-
pneust species show competent Agassiz larvae 
with several pairs of gill pore anlagen (Agassiz 
 1873 ; Morgan  1894 ). The meso- and metacoels 
progressively reduce the blastocoel to the dorsal 
and ventral midline by which the haemal system 
is formed. The paired metacoel sends anterodor-
sal projections into the base of the proboscis, that 
is, the perihaemal cavities. Larvae at the Agassiz 
stage usually stop swimming in the upper water 
column and instead begin to visit the bottom 
more frequently. The pair of apical eye spots 
degenerates at this stage and the larvae are now 
competent for settlement. After settlement, the 
larva grows into a young juvenile worm mainly 
by elongation of the trunk region. In settled juve-
niles of  B. misakiensis  approximately 12 h post 
fertilisation, the opisthotroch is still present in the 
middle of the trunk region in the majority of 
specimens (Fig.  2.7G ). The overall morphology 
shows only minor changes compared to the com-
petent Agassiz stage which concern the collar 
region, shape of the gill pores and the coelomic 
cavities. The collar region is subdivided into an 
anterior and a posterior part by a circular con-
striction. A dorsal tongue bar grows ventrally and 
gives the gill slit its fi nal U shape. Moreover, 
paired mesocoel ducts open into the fi rst gill slit 
on both sides and connect the mesocoel to the 
exterior (Fig.  2.9F ). Within the posterior part of 
the protocoel, the stomochord-heart-glomerulus 
complex is almost completely developed. The 
coelomic system gets more and more intricate as 
the animals grow and aside from the perihaemal 
cavities, that are extensions from the trunk coe-
lom (metacoel), the collar coelom (mesocoel) 
also sends bilateral projections anteriorly into the 
base of the proboscis, thereby fl anking the sto-
mochord (Fig.  2.9G ). At ~3 days post settlement, 
the juvenile worms of  B. misakiensis  have com-
pletely lost the opisthotroch (Fig.  2.7H ). The pro-
boscis is short and conical and the collar region 
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exhibits a three-lobed shape (Figs.  2.7H  and 
 2.9E, G ). The proboscis skeleton is present and 
supports the fragile neck region by underlying 
the stomochord (Fig.  2.9G ). 

 Approximately 1 week after settlement, for-
mation of a premature juvenile featuring a dis-
tinct hepatic region and three pairs of gill slits is 
completed in  Balanoglossus misakiensis  (Urata 
and Yamaguchi  2004 ). 

    Neurogenesis in Indirect Developing 
Enteropneusts 
 In particular, the broad usage of antibody stain-
ings to visualise specifi c parts of the nervous sys-
tem has contributed signifi cantly to our 
knowledge of neurogenesis in indirect develop-
ing enteropneusts. Several papers are available 
that describe the nervous system in single tor-
naria stages, yet only two detailed studies docu-
menting a complete developmental series have 
been published so far (Nielsen and Hay-Schmidt 
 2007 ; Miyamoto et al.  2010 ). In particular, the 
exact mode of neural remodelling from metamor-
phosis through juvenile stages is still unclear. 

 The nervous system in tornaria larvae devel-
ops gradually from anterior to posterior. In early 
hatched larvae, the nervous system comprises a 
small apical organ of few synaptotagmin-like 
immunoreactive (LIR) as well as serotonin-LIR 
cells with neurites projecting posteriorly 
(Fig.  2.10A, B ) (Nielsen and Hay-Schmidt  2007 ; 
Miyamoto et al.  2010 ). As the neotroch develops 
neurite bundles, neurons form along the ciliary 
band. In addition, the pan-neuronal marker syn-
aptotagmin reveals a nerve net throughout the 
oral fi eld of the larvae (Miyamoto et al.  2010 ). In 
older larvae, the apical organ usually consists of 
numerous serotonin- as well as FMRFamide-LIR 
neurons and a pair of eye spots situated laterally 
within the apical organ (Fig.  2.10C, D ) (Nezlin 
and Yushin  2004 ). The exact ultrastructure of the 
eyes has not been investigated in detail. The 
scarce data available describe a mixed photore-
ceptor cell with a rhabdomere as well as a modi-
fi ed cilium (Brandenburger et al.  1973 ). If true, 
tornaria larvae would feature a photoreceptor cell 
type that is unique in the animal kingdom, i.e., 
a combined rhabdomeric and ciliary photoreceptor. 

However, further studies including serial sections 
for TEM and characterisation of the molecular 
signature of the eyes in tornaria larvae are neces-
sary in order to substantiate or reject this postula-
tion. For instance, the composition of the sea 
urchin eye was also discovered only recently 
(Ullrich-Lüter et al.  2011 ) and revealed a solely 
rhabdomeric photoreceptor.  

 In older tornaria larvae, serotonin-LIR as well 
as FMRFamide-LIR neurons of the apical organ 
are arranged in two clusters of cells, one situated 
in the preoral part of the neotroch and the other in 
the postoral part of the neotroch (Fig.  2.10C, D ). 
Both clusters of neurons are interconnected by a 
comprehensive central neuropil (Nezlin and 
Yushin  2004 ). The opisthotroch nerve ring con-
tains synaptotagmin and tyrosine hydroxylase in 
early stages and later also serotonin (Nielsen and 
Hay-Schmidt  2007 ; Miyamoto et al.  2010 ). The 
neural arrangement in the tornaria shows strong 
congruence to that in echinoderm larvae, further 
supporting the assumption that both larval types 
are homologous and evolved from a common 
ambulacrarian ancestor (Byrne et al.  2007 ). At 
the time of metamorphosis when tornariae reach 
the Agassiz stage, the larval nervous system 
degrades and the adult nervous system starts to 
develop (Miyamoto et al.  2010 ). It could be 
shown that the majority of nervous cells of 
the ciliary band degrade and contribute little to 
the adult nervous system. During settlement, a 
basiepidermal nerve net within the proboscis and 
collar region becomes apparent and the nerve 
cords develop along the ventral and dorsal mid-
line of the trunk region. The collar cord within 
the collar region neurulates in a similar way as in 
 Saccoglossus kowalevskii  (Fig.  2.8 ) and eventu-
ally becomes situated subepidermally (Morgan 
 1894 ; Miyamoto and Wada  2013 ). From approx. 
3 days post settlement in  Balanoglossus misakien-
sis , all main parts of the centralised nervous sys-
tem are present (Fig.  2.9E, F ), that is, anterior 
proboscis stem, neurulated collar cord, circum-
ferential peribranchial nerve ring and a dorsal as 
well as a ventral longitudinal nerve cord within 
the trunk region. Unfortunately, almost nothing is 
known about the formation and distribution of 
specifi c neurotransmitters such as serotonin or 
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FMRFamide in juvenile enteropneusts. One sole 
immunocytochemical study has been published 
on the nervous system of the miniaturised species 
 Meioglossus psammophilus  (Worsaae et al. 
 2012 ). The adult nervous system of  M. psam-
mophilus  comprises several serotonergic sensory 
neurons within the anterior and middle part of the 
proboscis. A basiepidermal nerve net extends 
throughout the proboscis and is most prominent 
at the dorsal base (proboscis stem). Posterior to 
the proboscis stem, individual serotonergic 
 neurites pass through the collar cord. A circum-
ferential ring of serotonergic neurons is present 
in the collar region. These sensory neurons proj-
ect with a single neurite at fi rst posteriorly, until 
the end of the collar region, and then ventrally 
into a median nerve cord. Serotonin-LIR reveals 
a comparably short ventral nerve cord that bifur-
cates at the level of the midgut into a pair of ven-
trolateral neurite bundles that further extend 
posteriorly until the end of the trunk region. 

Individual serotonergic neurons are scattered 
throughout the trunk epidermis and project into 
one of the two ventral nerve cords. 

 Taken together, the few available data on neu-
rogenesis of the adult nervous system in entero-
pneusts make it considerably diffi cult to compare 
it to other deuterostomes and accordingly render 
testing of homology hypotheses diffi cult.   

    Comparative Aspects 
of Hemichordate Development 

 Hemichordates and particularly enteropneusts 
seem to have retained a number of ancestral deu-
terostome traits, such as radial cleavage, entero-
coely and bilateral symmetry. Early development 
including cleavage and cell fates is highly con-
served among hemichordates (Colwin and 
Colwin  1951 ,  1953 ; Tagawa et al.  1998a ). The 
radial, equal and holoblastic cleavage leads to a 

a
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  Fig. 2.10    Antibody stainings of the developing nervous 
system in  Balanoglossus misakiensis . ( A ) Early tornaria 
(Heider stage). ( B ) Same stage as in ( A ). The apical organ 
consists of about 18 serotonin-LIR (5-HT) sensory cells. 
( C ) Fully grown tornaria (late Metschnikoff). Dorsal 
view. ( D ) Close-up of the apical region of fully grown tor-
naria showing the lateral pair of eye spots and the course 

of the ciliary bands. ( E ) Same region as in ( D ). The apical 
organ consists of numerous sensory cells (5-HT), subdi-
vided into a ventral and a dorsal cluster.  ao  apical organ, 
 at  apical tuft,  cb  ciliary band,  eye  eye spot,  onr  opis-
thotroch nerve ring,  op  opisthotroch,  pa  perianal fi eld,  pec  
preoral cluster,  poc  postoral cluster,  pn  posteriorly neu-
rites,  sn  sensory cell       
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coeloblastula that subsequently undergoes gastru-
lation. Hemichordates share this cleavage pattern 
with echinoderms (Henry et al.  2001 ; McClay 
 2011 ; Chapter   1    ) and, depending on the yolk con-
tent, also with chordates (Bertrand and Escriva 
 2011 ; Lemaire  2011 ; Chapters   3     and   4    ). Radial 
cleavage is a plesiomorphic feature for 
Ambulacraria and Chordata and was most likely 
inherited from an early ancestor (Ax  2001 ; 
Nielsen  2011 ). 

 The fi ve main coelomic cavities (single 
 protocoel, paired meso- and metacoels) in hemi-
chordates originate from the endoderm by entero-
coely. While the protocoel derives from the 
anterior end of the archenteron in all species 
studied, the formation of the meso- and meta-
coels varies considerably. For instance, the meso- 
and metacoels in  Saccoglossus kowalevskii  and 
 Glandiceps hacksi  (Urata et al.  2014 ) develop 
from separate evaginations of the middle and 
posterior endodermal region (Bateson  1884 ; 
Kaul-Strehlow and Stach   2013 ), whereas in 
 Balanoglossus clavigerus  and  B. misakiensis , 
they emerge from a single pair of evaginations 
that eventually subdivide into the more anterior 
mesocoels and posterior metacoels (Stiasny 
 1914b ; Spengel  1893 ; Urata and Yamaguchi 
 2004 ). A closer look at other enteropneust spe-
cies and echinoderms reveals enormous intraphy-
letic variation of coelom formation (for review, 
see Nielsen  2011 ). Although an ancestral deu-
terostome pattern may be hard to reconstruct, it 
seems that at least in all cases, the mesoderm is 
formed from the endoderm. Moreover, in echino-
derms as well as hemichordates, the mesoderm 
forms as three successive pairs of coelomic cavi-
ties (proto-, meso- and metacoels) (Chapter   1    ). 
During the development of the cephalochordate 
amphioxus, the larva passes a similar tricoelo-
mate stage, before additional coelomic pouches 
are added (Stach  2002 ) (Chapter   3    ). The fact that 
three pairs of coelomic cavities are present in 
members of all main deuterostome groups, at 
least at a certain developmental stage, leads to the 
conclusion that this is an ancestral condition for 
deuterostomes. As mentioned before, the devel-
opment of the protocoel seems to be rather con-
served among ambulacrarians in being always 

the fi rst coelomic cavity that pinches off very 
early from the anterior end of the endoderm. In 
this aspect, the precocious hydropore formation 
documented in some holothurians and the 
spengelid enteropneust  G. hacksi  (Urata et al. 
 2014 ) is very interesting. The mode of develop-
ment is so strikingly similar that an independent 
evolution can hardly be assumed. It shows that 
irrespective of the derived phylogenetic position 
of holothurians within Echinodermata, they nev-
ertheless may have retained more ancestral traits 
than previously thought. It should be repeated 
here that it was already Eschscholtz ( 1825 ) who 
compared and related the fi rst described entero-
pneust  Ptychodera fl ava  to holothurians. 

 The sixth coelomic cavity, the pericardium, is 
part of the heart-glomerulus complex and thus 
indirectly involved in excretory function. 
Homology of this heart-glomerulus complex of 
hemichordates with the axial complex of echino-
derms is widely accepted, because of a number of 
functional and structural similarities (Balser and 
Ruppert  1990 ; Mayer and Bartolomaeus  2003 ; 
Kaul-Strehlow and Stach  2011 ; Nielsen  2011 ; 
Merker et al.  2013 ). These include a contractile 
pericardium (pulsatile vesicle in echinoderms), fi l-
trating podocytes on the protocoelic (axocoelic) 
side, an excretory hydropore and a glomerulus. 
However, despite the unquestioned homology of 
the differentiated structures, the ontogenetic origin 
shows considerable variations between entero-
pneust species as well as echinoderm species. For 
instance, the pericardium in  Saccoglossus kowa-
levskii  develops from the ectoderm by schizocoely 
(Kaul-Strehlow and Stach  2011 ), a mode of devel-
opment that is usually associated with protostomes 
(Technau and Scholz  2003 ). On the other hand, a 
mesenchymatic (Morgan  1891 ; Rao  1953 ) and fur-
ther enterocoelic origin (Dawydoff  1907 ) of the 
pericardium has been reported from other entero-
pneust species. The same holds true for echino-
derms (for review, see Hyman  1955 ) and 
demonstrates that homologous structures indeed 
may have different ontogenetic origins. However, a 
general or even ancestral mode of pericardial for-
mation for Ambulacraria is thus hard to infer. The 
situation is even more complicated by the fact that 
corresponding counterparts of the nephridial com-
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plex of ambulacrarians may be present in chor-
dates. In particular, homology of the pericardium 
with Hatschek’s left diverticulum or Hatschek’s 
pit in cephalochordates (Goodrich  1917 ; Franz 
 1927 ; Nielsen  2011 ) or with Hatschek’s nephrid-
ium in cephalochordates (Stach  2002 ) has been 
suggested earlier. In any case, if homologous 
structures are present in chordates, then the 
nephridial complex of Ambulacraria may repre-
sent a plesiomorphic character within deutero-
stomes rather than constituting a synapomorphy 
of Echinodermata and Hemichordata. 

 The nervous system of the tornaria larva con-
sists of an apical organ comprising different types 
of neurons and nerves along the ciliary bands 
(Hay-Schmidt 2000; Nezlin and Yushin  2004 ; 
Miyamoto et al.  2010 ). Serotonin-LIR cells in the 
apical organ are arranged in bilateral clusters 
interconnected by a median neuropil (Nezlin and 
Yushin  2004 ). During ontogeny, the nervous sys-
tem develops gradually from anterior to poste-
rior, and at metamorphosis, the larval nervous 
system degrades and the adult nervous system is 
formed (Miyamoto et al.  2010 ). The nervous sys-
tem of the different echinoderm larvae develops 
likewise and features in principle the same com-
ponents. Of course, taxon-specifi c traits are pres-
ent, but the general neural body plan of an apical 
organ with sensory cells resting in the apical cili-
ary band and nerves along the neotroch is present 
(Hay-Schmidt 2000; Burke et al.  2006 ; Byrne 
et al.  2007 ). As in hemichordate tornariae, the 
echinoderm larval nervous system contributes 
little if anything to the pentameral nervous sys-
tem of the juveniles (Byrne and Cisternas  2002 ; 
Cisternas and Byrne  2003 ; Nakano et al.  2006 ). 
Because of numerous resemblances between the 
morphology of hemichordate tornariae and echi-
noderm larvae, they have been grouped together 
under the term dipleurula-type larvae 
(Metschnikoff  1881 ). However, since the sister 
group of Ambulacraria, that is, Chordata, do not 
have primary larvae, it remains uncertain if a 
dipleurula larva was already present in the last 
common ancestor of Deuterostomia. Thus, the 
dipleurula larva with its specifi c neotroch is 
likely to be a synapomorphy uniting Hemichordata 
and Echinodermata (Nielsen  2011 ).   

    GENE EXPRESSION 

 The pivotal phylogenetic position of hemichor-
dates, the shared fate map during ambulacrarian 
embryonic development (Colwin and Colwin 
 1951 ; Cameron et al.  1987 ,  1989 ; Cameron and 
Davidson  1991 ; Henry et al.  2001 ) and the above- 
mentioned classical and modern morphological 
descriptions have suggested homologies between 
various hemichordate, echinoderm and chordate 
features. Hence, hemichordates are particularly 
appealing to investigate the evolution of deutero-
stome developmental mechanisms, and in the 
past decades, the growing community working 
on hemichordates has developed a basic toolset 
to gain insight into the molecular mechanisms 
that drive embryonic development, the patterning 
of the larval and adult body plan as well as the 
molecular signature of particular structures, i.e., 
gill slits (Rychel and Swalla  2007 ; Gonzalez and 
Cameron  2009 ; Gillis et al.  2011 ). 

 As for most “non-model” organisms, classical 
degenerative PCR approaches (Tagawa et al. 
 1998b ) or, more recently, the analysis of tran-
scriptomic data sets were used to identify genes 
and characterise their expression in hemichor-
dates (Lowe et al.  2003 ; Röttinger and Martindale 
 2011 ; Chen et al.  2014 ). Lately, the genomes of 
 Ptychodera fl ava  and  Saccoglossus kowalevskii  
have been sequenced and used for genome com-
parisons between these two species (Freeman 
et al.  2012 ). This will provide an important 
resource to identify the genetic toolkit and regula-
tory elements of acorn worms. Protocols have 
been developed and optimised for whole mount 
or section in situ hybridisation or immunocyto-
chemistry and are now routinely applied on sev-
eral hemichordate species (Tagawa et al.  1998b ; 
Okai et al.  2000 ; Lowe et al.  2003 ; Smith et al. 
 2003 ; Sato et al.  2009 ; Miyamoto et al.  2010 ; 
Miyamoto and Wada  2013 ). In order to determine 
relative spatial gene expression for a set of genes, 
double fl uorescent in situ hybridisation has been 
developed in  S. kowalevskii  (Pani et al.  2012 ). 

 During the reproductive season, controlled 
spawning and fertilisation produce large numbers 
of synchronously developing embryos and larvae 
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that are amenable for pharmacological drug or 
recombinant protein treatments to analyse the 
effects of perturbing signalling pathways on the 
developmental process (Lowe et al.  2006 ; Darras 
et al.  2011 ; Röttinger and Martindale  2011 ; Pani 
et al.  2012 ; Green et al.  2013 ). However, specifi c 
gene knockdown experiments using siRNA and 
mRNA that are microinjected into fertilised 
oocytes have so far been reported only from 
 Saccoglossus kowalevskii  (Lowe et al.  2006 ; 
Darras et al.  2011 ; Pani et al.  2012 ; Cunningham 
and Casey  2014 ; Green et al.  2013 ).  S. kowalevskii  
appears also to be the most suitable acorn worm 
species for classical embryological experiments 
(Colwin and Colwin  1950 ) that have recently 
inspired researchers to combine blastomere isola-
tion and grafting experiments with molecular 
analysis to investigate the inductive capacities of 
individual blastomeres or animal- vegetal explants 
(Darras et al.  2011 ; Green et al.  2013 ). 

    Endomesoderm Formation 
and the Posterior Organiser 

 In metazoans, canonical ß-catenin/Wnt (cWnt) 
signalling plays crucial roles during various 
aspects of embryonic development such as 
embryonic polarity, germ layer specifi cation, pos-
terior growth and anterior-posterior axis pattern-
ing (Croce and McClay  2006 ; Lee et al.  2006 ; 
Martin and Kimelman  2009 ; Cho et al.  2010 ; 
Niehrs  2010 ). A recent study in  Saccoglossus 
kowalevskii  has dissected the role of cWnt signal-
ling during enteropneust development (Darras 
et al.  2011 ). Combining classical embryology, 
gene-specifi c knockdown experiments and gene 
expression analysis, the authors showed that 
ß-catenin is accumulated at the vegetal pole, the 
future site of gastrulation, which is required for 
endomesoderm specifi cation. In addition, the 
endomesoderm secretes yet undefi ned signals 
that determine the posterior fate of the adjacent 
ectoderm, as the ectoderm will adopt default ante-
rior fates when the endomesoderm is removed 
(Darras et al.  2011 ). This mechanism is very simi-
lar to the one observed in echinoderms (Angerer 
et al.  2011 ) and vertebrates (Niehrs  2010 ), sug-

gesting a conserved function of cWnt signalling 
at the base of deuterostomes in germ layer speci-
fi cation and the formation of a posterior organiser 
(Darras et al.  2011 ). 

 In hemichordates, mesoderm forms by entero-
coely (Bateson  1884 ), a process that is shared 
with echinoderms and basal chordates such as 
amphioxus and ascidians. The FGF signalling 
pathway plays a crucial role in mesoderm induc-
tion in vertebrates and basal chordates (Slack 
et al.  1989 ; Kim et al.  2000 ; Imai et al.  2002 ; 
Fletcher et al.  2006 ; Kimelman  2006 ; Bertrand 
et al.  2011 ; Chapters   3     and   4    ). In order to investi-
gate the evolution of mesoderm formation, a 
recent study has examined the role of FGF sig-
nalling during mesoderm formation in 
 Saccoglossus kowalevskii  (Green et al.  2013 ). 
Expression of the FGF ligand  fgf8 / 17 / 18  is 
restricted to ectodermal regions overlying sites of 
mesoderm specifi cation within the archenteron, 
while the regions that will form mesoderm 
express the receptor  fgfr - B . The resulting sugges-
tion that mesoderm induction in the archenteron 
requires contact with the ectoderm to allow FGF/
FGFR signalling is confi rmed by embryological 
experiments that are combined with gene expres-
sion analysis of the downstream target  snail . 
Gene-specifi c knockdown and gain-of-function 
experiments show that FGF8/17/18 is required 
and suffi cient for mesoderm induction in  S. kow-
alevskii  and support the idea that FGF signalling 
played an ancestral role in deuterostome meso-
derm formation (Green et al.  2013 ).  

    Dorsoventral Patterning 

 BMP, a ligand of the TGFß family, and its antago-
nist Chordin play a central role in establishing the 
dorsoventral axis and the specifi cation of the 
 central nervous system (CNS) in bilaterian ani-
mals (Arendt and Nübler-Jung  1996 ; De Robertis 
and Sasai  1996 ; Holley and Ferguson  1997 ; De 
Robertis et al.  2000 ; De Robertis and Kuroda 
 2004 ). Gene expression analysis in  Saccoglossus 
kowalevskii  and  Ptychodera fl ava  has shown 
expression of  bmp2 / 4  and its potential down-
stream target  dlx  in dorsal territories (Fig.  2.11D, 
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E , I, J), while  chordin   transcripts (Fig.  2.11C, H ) 
are localised in the ventral ectoderm, suggesting 
that these proteins are also involved in dorsoven-
tral patterning in hemichordates (Harada et al. 
 2001 ,  2002 ; Lowe et al.  2006 ; Röttinger and 
Martindale  2011 ). Functional studies in  S. kowa-
levskii  demonstrate the implication of BMP sig-
nalling in this process, as overexpression and 
knockdown of BMP2/4 result in dorsalised or 
ventralised embryos, respectively (Lowe et al. 
 2006 ). Based on functional studies in other bilat-
erian animals, the prediction would be that over-
activating BMP signalling represses neural fates 
(De Robertis and Kuroda  2004 ). However, this is 
not the case in  S. kowalevskii  embryos treated 
with recombinant BMP4 protein, suggesting that 
BMP signalling in hemichordates is involved in 
dorsoventral patterning but not in neurogenesis 
(Lowe et al.  2006 ).  

 The molecular mechanisms underlying dor-
soventral patterning have been extensively stud-
ied in echinoderms (Angerer et al.  2000 ; Duboc 
et al.  2004 ; Su and Davidson  2009 ; Saudemont 
et al.  2010 ) and are represented in a simplifi ed 
version in Fig.  2.12A  (for a more comprehen-
sive version, see Chapter   1    ). To date, the only 

functional molecular studies that have been per-
formed in harrimaniid ( Saccoglossus kowa-
levskii ) and also in ptychoderid ( Ptychodera 
fl ava ) enteropneusts aim to describe the dorso-
ventral patterning event in hemichordates (Lowe 
et al.  2006 ; Röttinger and Martindale  2011 ). 
This enables comparing the molecular mecha-
nism controlling dorsoventral patterning within 
ambulacrarians (Fig.  2.12 ).  

 While  bmp2 / 4  expression in enteropneusts is 
restricted to dorsal structures (Fig.  2.11D , I; 
Harada et al.  2002 ; Lowe et al.  2006 ; Röttinger 
and Martindale  2011 ),  bmp2 / 4  expression in echi-
noderms is localised on the opposite site in the 
ventral ectoderm (Angerer et al.  2000 ; Duboc 
et al.  2004 ). Interestingly, functional studies in 
 Saccoglossus kowalevskii  and echinoderms have 
shown that regardless the expression domain of 
the diffusible ligand  bmp2 / 4 , its activity is always 
confi ned to the dorsal ectoderm (Duboc et al. 
 2004 ; Lowe et al.  2006 ). In  S. kowalevskii  and 
 Paracentrotus lividus  (echinoderm),  dlx  is an indi-
rect downstream target of BMP signalling (Lowe 
et al.  2006 ; Saudemont et al.  2010 ). In  Ptychodera 
fl ava ,  dlx  transcripts are detected in the dorsal ecto-
derm (Harada et al.  2001 ; Röttinger and Martindale 

A B C D E
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  Fig. 2.11    Comparison of dorsoventral gene expression 
patterns in hemichordates. Illustrations of ventral ( purple ) 
and dorsal ( yellow ) gene expression patterns in late gas-
trulae of  Saccoglossus kowalevskii  ( A – E ) and  Ptychodera 

fl ava  ( F – J ). All illustrations are based on published data: 
 A ,  B and E , Lowe et al. ( 2006 );  C , Röttinger and Lowe 
( 2012 );  D , Darras et al. ( 2011 ); and  F – J,  Röttinger and 
Martindale ( 2011 )       
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 2011 ), suggesting that BMP signalling is active in 
this territory as well. However, additional experi-
ments are required to confi rm this hypothesis. 

 The Nodal signalling pathway plays crucial 
roles in various deuterostome developmental 

processes such as endo- and mesoderm forma-
tion and axial patterning events along the 
anterior- posterior, dorsoventral and left-right 
axis (Whitman  2001 ; Hamada et al.  2002 ; 
Morokuma et al.  2002 ; Stainier  2002 ; Yu et al. 

A

C

B

  Fig. 2.12    Comparison of dorsoventral patterning mecha-
nisms in ambulacrarians. In echinoderms ( A ), Nodal sig-
nalling is essential to determine ventral fates and induce 
expression of  bmp2 / 4  that acts on the dorsal side to spec-
ify dorsal ectoderm. In  Saccoglossus kowalevskii  ( B ), 
BMP signalling is crucial for specifying the dorsal ecto-
derm as well, which might potentially also be the case for 
 Ptychodera fl ava  ( C ). While a NiCl 2 -sensitive signal is 
involved in specifying ventral fates in enteropneusts ( B , 
 C ), the relation to Nodal signalling remains unknown. ( A ) 

 Paracentrotus lividus  (echinoderm), simplifi ed diagram 
based on data from Saudemont et al. ( 2010 ). ( B ) 
 Saccoglossus kowalevskii  (harrimanid enteropneust), dia-
gram based on data from Lowe et al. ( 2006 ), Saudemont 
et al. ( 2010 ) and Röttinger and Martindale ( 2011 ). ( C ) 
 Ptychodera fl ava  (ptychoderid enteropneust), diagram 
based on data from Tagawa et al. ( 1998b ), Taguchi et al. 
( 2000 ), Harada et al. ( 2001 ,  2002)  and Röttinger and 
Martindale ( 2011 )       
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 2002 ; Chapters   1    ,   3    , and   4    ). In echinoderms, 
Nodal signalling is not only crucial for establish-
ing left-right asymmetries in the larva (Duboc 
et al.  2005 ) but plays also an essential role in the 
establishment of the dorsoventral axis during 
embryonic development (Duboc et al.  2004 ). In 
fact,  nodal  expression in the ventral ectoderm 
induces ventral expression of  bmp2 / 4  which in 
turn diffuses to the dorsal ectoderm to induce 
expression of its downstream targets (Fig.  2.12A ; 
Duboc et al.  2004 ; Lapraz et al.  2009 ; Su and 
Davidson  2009 ; Saudemont et al.  2010 ). Among 
the downstream targets of Nodal signalling in 
echinoderms are the ventrally expressed genes 
 chordin ,  foxA  and  bra  (Saudemont et al.  2010 ; 
Chapter   1    ). With the exception of the strictly 
endodermal expression of  foxA  in  Saccoglossus 
kowalevskii  (Darras et al.  2011 ; Fritzenwanker 
et al.  2014 ),  bra  and  chordin  transcripts are also 
detected in ventral domains in  S. kowalevskii  and 
 Ptychodera fl ava  (Fig.  2.11 ; Tagawa et al.  1998b ; 
Röttinger and Lowe  2012 ), suggesting that a 
Nodal-dependent mechanism may be required to 
defi ne ventral domains in hemichordates. 

 NiCl 2  treatments in echinoderms ventralise the 
embryos and induce radialised expression of  nodal  
(Duboc et al.  2004 ). Interestingly, NiCl 2  treat-
ments in  Saccoglossus kowalevskii  and  Ptychodera 
fl ava  also ventralise the embryos and radialise 
expression of  bra  and  foxA  in  P. fl ava  (Röttinger 
and Martindale  2011 ), further strengthening the 
idea that a NiCl 2 -sensitive and potentially Nodal-
dependent mechanism is involved in dorsoventral 
patterning in hemichordates. However, the poten-
tial molecular link between NiCl 2  and Nodal and 
the molecular connection between the ventralising 
NiCl 2 -sensitive signal and dorsalising BMP effects 
in hemichordates remain unclear, and additional 
work is required to understand the degree of con-
servation to the mechanism of dorsoventral pat-
terning in echinoderms.  

    Anterior-Posterior Patterning 

 The bulk of molecular studies in hemichordates 
have been carried out in the direct developing 
species  Saccoglossus kowalevskii , the indirect 

developer  Ptychodera fl ava  and, more recently, 
in another ptychoderid hemichordate species, 
 Balanoglossus simodensis . The recent sequenc-
ing and comparison of the  S. kowalevskii  and  P. 
fl ava  genomes has revealed the identical genomic 
organisation of their 12-gene Hox clusters 
(Freeman et al.  2012 ), which is reminiscent of the 
Hox cluster organisation of  B. simodensis  (Ikuta 
et al.  2009 ). With the exception of differences at 
the posterior end of these clusters, the hemichor-
date organisation is strikingly similar to that of 
chordates, supporting the idea that the ambu-
lacrarian ancestor possessed minimally a 12-gene 
Hox cluster with at least nine genes organised 
and oriented the same as their chordate orthologs 
(Freeman et al.  2012 ). 

 In vertebrates, expression of Hox genes as well 
as other transcription factors such as  barH , 
 engrailed ,  pax2 / 5 / 8 ,  six3 , etc., is restricted to the 
central nervous system (CNS). To gain insight into 
the origin of the chordate CNS, previous studies in 
 Saccoglossus kowalevskii  have analysed the 
expression patterns of these genes and showed 
their circumferential epidermal expression during 
early development that potentially refl ects the 
broad and diffuse distribution of neurons in these 
stages (Lowe et al.  2003 ; Aronowicz and Lowe 
 2006 ; Lemons et al.  2010 ; Pani et al.  2012 ). In 
adult tissue, however, gene expression analysis of 
neuronal markers such as  Elav ,  synaptotagmin , 
 VAChT ,  serotonin ,  Hb9 ,  Drg11  and  GABA  has 
shown the existence of a centralised ventral as well 
as dorsal nerve cord that is internalised at the level 
of the enteropneust worm’s collar into the collar 
cord (Nomaksteinsky et al.  2009 ). Intriguingly, the 
observed centralisation of the enteropneust ner-
vous system was in contrast to previous studies 
that described the presence of a diffuse nerve net in 
hemichordates (Lowe et al.  2003 ). One idea to 
explain these fundamental differences was that the 
developing ectoderm may represent a transient dif-
fuse nerve net unrelated to that of the adult 
(Nomaksteinsky et al.  2009 ). In order to gain a 
 better understanding of the relation between the 
embryonic and adult nervous systems, a recent 
study has analysed a broad range of genes associ-
ated with neurogenesis during early  S. kowalevskii  
development (Cunningham and Casey  2014 ). 
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This analysis has revealed that already during 
embryonic development, expression of most of the 
analysed genes transitions from a circumferential 
to a dorsal and ventral midline localisation. Hence, 
this  observation suggests that developmental cen-
tralisation of the nervous system in hemichordates 
occurs earlier than initially anticipated (prior to 
hatching) (Cunningham and Casey  2014 ). 

 Perturbation of BMP signalling in 
 Saccoglossus kowalevskii  affects dorsoventral 
patterning but not the distribution of neurons in 
the analysed embryos (Lowe et al.  2006 ). This 
observation has led to the idea that nervous sys-
tem formation in hemichordates may be insensi-
tive to a BMP/Chordin gradient that is crucial for 
the formation of the CNS in protostomes and ver-
tebrates. However, this analysis was carried out 
on embryos that presented a diffuse expression 
pattern of neuronal markers (Lowe et al.  2006 ). 
With the recent observations of a ventral and dor-
sal CNS in hemichordates (Nomaksteinsky et al. 
 2009 ; Cunningham and Casey  2014 ), it would be 
crucial to re-analyse the effects of perturbing 
BMP signalling on the centralisation of the ner-
vous system at adequate embryonic stages. 

 Taken together, the studies described above do 
not contradict the classical idea that portions of 
the hemichordate central nervous system may be 
homologous to the chordate CNS (Knight-Jones 
 1952 ; Lowe et al.  2003 ; Nomaksteinsky et al. 
 2009 ). However, the current data make it impos-
sible to unequivocally settle this issue at present 
(Holland et al.  2013 ). 

 The tubular organisation of the collar cord of 
enteropneusts has been proposed to be homolo-
gous to the chordate neural tube (Morgan  1894 ; 
Bateson  1886 ; Ruppert  2005 ; Kaul and Stach 
 2010 ; Luttrell et al.  2012 ). However, gene expres-
sion data of  bmp  and  chordin  (see above) support 
the theory of dorsoventral inversion of body axes 
at the base of chordates (Lowe et al.  2006 ). 
According to this, the chordate neural tube would 
be homologous to the ventral nerve cord of entero-
pneusts, yet it is the dorsal collar cord that neuru-
lates in enteropneusts. Moreover, genes such as 
 pax6 ,  nkx 2.2  and  msx  that have similar domains 
in the chordate neural tube and the protostome 
nerve cord (Denes et al.  2007 ) do not at all have 

resembling domains in  Saccoglossus kowalevskii  
(Lowe et al.  2006 ). Hence, because of the lack of 
clear molecular data, its homology remains con-
troversial (Ruppert  2005 ; Nomaksteinsky et al. 
 2009 ; Kaul and Stach  2010 ; Holland et al.  2013 ). 

 Recent work in the ptychoderid enteropneust 
 Balanoglossus simodensis  has analysed the expres-
sion of genes known to be crucial of formation and 
patterning of the chordate neural tube (Miyamoto 
and Wada  2013 ). This study reports expression of 
 bmp2 / 4 ,  dlx ,  pax3 / 7  and  soxE  in dorsal regions of 
the collar cord but failed to observe expression of a 
potential ventral marker,  pax6 , thus suggesting a 
partially conserved patterning mechanism between 
the hemichordate collar cord and the chordate neu-
ral tube (Miyamoto and Wada  2013 ). In chordates, 
Hedgehog (hh) signalling emitted from the noto-
chord and received by the neural plate (via the 
Hedgehog receptor patched (ptc)) is essential for 
patterning the neural tube along the dorsoventral 
axis (Echelard et al.  1992 ). In  B. simodensis , 
expression of  hh  appears restricted to the stomoch-
ord and the anterior endoderm, which lies beneath 
the collar cord, during metamorphosis. In contrast, 
 ptc  is expressed in the mesoderm surrounding  hh -
expressing endoderm as well as the midline of the 
neural plate (Miyamoto and Wada  2013 ). These 
results suggest that Hedgehog signalling from the 
underlying endoderm may be received by the col-
lar cord. However, gene- specifi c functional assays 
are required to determine if Hedgehog signalling is 
required for dorsoventral patterning of the neural 
tube in hemichordates. 

 In summary, the molecular studies currently 
available show striking similarities between ver-
tebrates and enteropneusts in regard to the spatial 
deployment of transcription factors (Fig.  2.13 ) 
and signalling centres involved in neuronal 
anterior- posterior and dorsoventral patterning of 
the neural tube. The implications of these obser-
vations in establishing potential homologies 
between enteropneust and vertebrate body plans 
and on the evolution of the chordate CNS are cur-
rently highly debated (Holland et al.  2013 ) and 
additional work is required on hemichordates as 
well as invertebrate chordates (ascidians and 
amphioxus) to gain more insights into this long- 
lasting question (see Chapters   3     and   4    ).    
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    OPEN QUESTIONS 

•     Neurogenesis of the adult nervous system  
•   Function of the gill slits  
•   Investigations and characterisation of the light 

sense organs in tornaria larvae and adult 
enteropneusts  

•   Development of the muscular system in direct 
and indirect developing enteropneusts  

•   Roles of canonical Wnt and FGF signalling in 
ptychoderids and of Nodal signalling in direct 
and indirect developing enteropneusts  

•   All aspects of pterobranch embryogenesis and 
development        

  Fig. 2.13    Ectodermal anterior-posterior gene expression 
in hemichordates. Diagram summarising anterior-poste-
rior regionalisation of gene expression domains in the 
ectoderm of the harrimanid enteropneust hemichordate 

 Saccoglossus kowalevskii  (Represented gene expression 
patterns based on data from Lowe et al. ( 2003 ), Aronowicz 
and Lowe ( 2006 ), Pani et al. ( 2012 ))       
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       INTRODUCTION 

 Cephalochordates, which together with verte-
brates and tunicates constitute the Chordata, were 
initially thought to be mollusks by Pallas ( 1774 ), 
who described  Limax lanceolatus . The name was 
revised to  Branchiostoma lubricum  by Costa 
( 1834 ), who recognized its affi nity to fi shes, and 
to  Amphioxus lanceolatus  by Yarrell, who consid-
ered it most closely allied to the agnathans among 
the vertebrates (Yarrell  1836 ). Due to precedence 
of the name  Branchiostoma , the European species 
came to be classifi ed as  Branchiostoma lanceola-
tum , and the term “amphioxus” has become a 
common name for cephalochordates, which are 
also called lancelets. The name “ Branchiostoma ” 
means “gill mouth” and is an apparent reference 
to the motile sensory cirri around the mouth which 
keep too large particles from being eaten. The 

terms “lanceolatum” and “amphioxus” refer to 
the elongated shape of the animal, which reaches 
a maximum length of about 6 cm and is pointed at 
both ends. Today, about 25 species of 
 Branchiostoma  are recognized. There are two 
additional genera,  Asymmetron  and  Epigonichthys , 
which are similar to  Branchiostoma , but have a 
series of gonads only on the right side compared 
to both sides in  Branchiostoma  (Fig.  3.1B ). A 
single species of  Epigonichthys  ( E. maldivensis ) 
and two of  Asymmetron  ( A. lucayanum  and  A. 
interferum ) have been described; however, there 
may be additional cryptic species of  Asymmetron  
(Kon et al.  2007 ). In phylogenetic analysis with 
whole mitochondrial genome sequences, 
 Asymmetron  is basal in the cephalochordates with 
a divergence time of about 162 my from the 
 Branchiostoma  and  Epigonichthys  clade 
(Fig.  3.1A ; Kon et al.  2007 ; Nohara et al.  2005 ). 
Although virtually nothing is known about any 

A

B

  Fig. 3.1    ( A ) Phylogenetic 
tree of cephalochordates 
based on mitochondrial 
DNA sequences. 
 Asymmetron lucayanum  
diverged from the 
 Branchiostoma  + 
 Epigonichthys  clade about 
162 mya. Nonparametric 
smoothing method. 
Cephalochordates are basal 
to the tunicate + vertebrate 
clade. After (Nohara et al. 
 2005 ; Kon et al.  2007 ). ( B ) 
Living adult amphioxus. 
 Top Asymmetron lucaya-
num ,  right side. Center , 
 Asymmetron lucayanum , 
ventral view showing 
gonads only on the right 
side.  Bottom. 
Branchiostoma fl oridae . 
Female.  B. fl oridae  has 
gonads on both right and 
left sides. Scale bars = 
0.5 cm       
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aspect of the biology of  Epigonichthys , much 
more is known about  Asymmetron lucayanum , 
which was fi rst described from Bimini, Bahamas, 
by Andrews ( 1893 ). He obtained a few embryos, 
which developed to the gastrula stage when they 
“were destroyed by an accident.” It was over 
100 years before more embryos of  A. lucayanum  
were obtained and the embryology described 
(Holland and Holland  2010 ). It was discovered 
that animals spawn a few days before the new 
moon (Holland  2011 ), but to date, there are no 
studies of developmental genes.  

 Cephalochordates have long been thought to 
give clues to evolution of the vertebrates. They 
share with vertebrates and tunicates the defi ning 
chordate characters of a dorsal hollow nerve 
cord, notochord, and pharyngeal gill slits. In the 
nineteenth century, there were several ideas con-
cerning the relation between these three groups. 
Haeckel ( 1876 ) regarded amphioxus as the sim-
plest vertebrate and therefore key to understand-
ing evolution of the vertebrates. Alternatively, 
amphioxus was considered a degenerate form of 
the earliest vertebrate ancestor (Dohrn  1875 ; 
Lankester  1875 ). Willey ( 1894 ) regarded the 
proximate ancestor of the vertebrates to be free- 
swimming and intermediate between an ascidian 
tadpole and amphioxus, while MacBride ( 1898 ) 
considered amphioxus to be a “more primitive 
offshoot from the vertebrate stem than ascidians.” 
Although amphioxus had been considered a ver-
tebrate, its affi nities with tunicates were ulti-
mately recognized, and in 1906, amphioxus was 
moved from the fi shes section of the Zoological 
Record to the protochordate section. Subsequently, 
phylogenetic analyses based on morphological 
characters or on rDNA sequences placed cephalo-
chordates as sister group of vertebrates within the 
chordates, with tunicates basal in the phylum 
(Winchell et al.  2002 ; Mallatt and Winchell  2007 ). 
However, more recent reanalysis with large sets of 
concatenated nuclear genes has reversed the posi-
tions of tunicates, with cephalochordates as basal 
to a clade of tunicates plus vertebrates (Blair and 
Hedges  2005 ; Delsuc et al.  2006 ,  2008 ). 
Comparisons of the genome sequences of the 
Florida amphioxus,  Branchiostoma fl oridae , the 
tunicates  Ciona intestinalis  and  Oikopleura dio-

ica , and several vertebrates have shown that 18S 
rDNA sequences erroneously placed tunicates 
basal in the chordates because tunicates are evolv-
ing particularly rapidly, while amphioxus and ver-
tebrates are evolving much more slowly. Moreover, 
the genomes of amphioxus (~520 mb) and verte-
brates (~1,500–3,000 mb) share considerable syn-
teny, whereas the very small tunicate genomes 
(~170 and ~70 mb for  C. intestinalis  and  O.  dioica , 
respectively) share virtually no synteny with other 
chordate genomes (Denoeud et al.  2010 ). 

 Amphioxus species occur worldwide, chiefl y 
from the tropics to the temperate zones, except 
for high latitude populations of  Branchiostoma 
lanceolatum . All species of amphioxus but one 
live in shallow coastal waters with sandy sub-
strata, protected from wave action. The exception 
is  Asymmetron interferum  which was found at 
229 m adjacent to the bones of a decomposing 
whale carcass off Cape Nomamisaki, Japan (Kon 
et al.  2007 ). All amphioxus species burrow in the 
sand with the anterior tip approximately fl ush 
with the ocean bottom for fi lter feeding. Sexes 
are separate. Individuals of warm water species 
like  B. fl oridae  will spawn every 9–14 days 
throughout the summer (Stokes and Holland 
 1996 ). Populations of cold water species like  B. 
lanceolatum  may spawn only twice during the 
summer (Fuentes et al.  2004 ,  2007 ). Female 
gametes are stored in the ovary as primary 
oocytes, attached to follicle cells at the animal 
pole. On the day of spawning, oocytes undergo 
meiotic maturation. They produce one polar 
body, arresting at second meiotic metaphase, and 
are ovulated in the early afternoon. At the same 
time, sperm, which are in a syncytium, become 
individualized and gain the capacity to become 
mobile on exposure to seawater. Spawning of 
ovulated eggs is induced by falling light levels 
after dusk. On spawning days, males and females 
emerge from the sand about half an hour after 
sunset, swim in the water column, and spawn 
(Mizuta and Kubokawa  2004 ). Fertilization is 
external. Spawning in species of  Branchiostoma  
is infl uenced by changes in water temperature. 
Hatschek ( 1893 ) noted for the population in 
Sicily that amphioxus ( B. lanceolatum ) begins to 
spawn in the “fi rst warm days of spring” and that 

3 Cephalochordata



94

spawning throughout the summer tends to occur 
after 2 or 3 warm days following a long period of 
cold weather. It is, therefore, not surprising that 
for  B. lanceolatum , a 4–5  ° C shift in temperature 
can induce meiotic maturation a day later fol-
lowed by spawning in response to darkness 
(Fuentes et al.  2004 ,  2007 ; Benito-Gutiérrez 
et al.  2013 ). Spawning of gametes that have 
matured can also be induced in at least 
 Branchiostoma fl oridae  by a brief pulse of 50V 
DC (Holland and Yu  2004 ). However, this method 
may not be effective with other species (Yasui 
et al.  2007 ). In  Branchiostoma fl oridae  there is 
no clear relationship between days of spawning 
and the tides or phases of the moon (Stokes and 
Holland  1996 ). We have achieved year around 
spawning in the laboratory by keeping ripe adults 
at 16–17 °C for several weeks and then bringing 
them up to 24 °C. Under these conditions 10 % or 
more of the animals typically spawn 24–48 h 
after the temperature shift. The Asian species  B. 
belcheri  and  B. japonicum  have also been cul-
tured in the laboratory (Wu et al.  2000a ,  b ; Yasui 
et al.  2013 ). In contrast,  Asymmetron lucayanum  
spawns monthly approximately 1–2 days before 
the new moon each month (Holland  2011 ). 

 Adults of  Branchiostoma  are morphologically 
very much the same from species to species. They 
differ chiefl y in the maximum length (6 cm in  B. 
belcheri  and  B. lanceolatum  (Yamaguchi and 
Henmi  2003 ; Desdevises et al.  2011 ) and 5 cm in 
 B. fl oridae  (Stokes and Holland  1996 )), in the 
number of myotomes, and in the presence or 
absence of pigment in the larval tail fi n (Fig.  3.1 ; 
Flood  1975a ; Holland and Holland  2010 ). The 
larval tail fi n is pigmented in  B. lanceolatum ,  B. 
belcheri , and  B. japonicum , but not in  B. fl oridae . 
Species of  Asymmetron  are much smaller than 
 Branchiostoma. Asymmetron lucayanum  reaches 
a maximum length of only 2.5–2.8 cm, while 
some species of  Epigonichthys  attain a length of 
~4 cm. The larval tail fi n is also pigmented in  A. 
lucayanum , suggesting that this was an ancestral 
characteristic that was lost in  B. fl oridae . The 
major difference between  Branchiostoma  and 
other genera is that it has a series of gonads on 
both sides of the body, while  Asymmetron  and 
 Epigonichthys  have gonads only on the right. The 
sexes are separate, although hermaphrodites of 

 Branchiostoma  species have very occasionally 
been found (Yamaguchi and Henmi  2003 ). Other 
differences between the genera include the larval 
gill slits located more ventrally in  A. lucayanum  
than in  Branchiostoma  and the anterior coeloms 
of  A. lucayanum  being formed schizocoelically in 
 A. lucayanum  and enterocoelically in  Branchios-
toma  (Holland and Holland  2010 ).  

    EARLY DEVELOPMENT 

 There are three main eras of amphioxus embryol-
ogy – the era of classical morphology from the 
1860s to the early 1960s, the era of fi ne structural 
studies from about 1960–1985, and the EvoDevo 
era since the late 1980s. The techniques of the 
classical era were limited to histology including 
examination of whole mounts and paraffi n sec-
tions as well as to experiments determining the 
fates of isolated blastomeres or tiers of blasto-
meres. It is, therefore, not altogether surprising 
that given the small size of the eggs (~140 μm in 
diameter; Fig.  3.2 ), embryos, and larvae 
(~4–5 mm at metamorphosis; Fig.  3.3 ) and the 
desire of many researchers to see parallels 
between amphioxus embryos and those of other 
organisms, there was considerable controversy 
and many misconceptions over early embryology 
of amphioxus. The electron microscopic studies 
reexamined controversies about embryonic and 
adult morphology remaining from classical stud-
ies, while the EvoDevo era began with the use of 
gene expression to infer homologies between 
amphioxus and vertebrates and is now transition-
ing to gene knockdown and overexpression for 
dissecting gene networks and with the goal of 
reconstructing the ancestral chordate and shed-
ding light on the course of chordate evolution.   

 The embryology of amphioxus was fi rst 
described by Kowalevsky ( 1867 ), who raised 
embryos of  Branchiostoma lanceolatum  obtained 
in Naples, Italy, to the two-gill-slit stage and 
obtained later ones from plankton tows. 
Subsequently a large population of  B. lanceola-
tum  was found in the pontano at Lago di Faro, 
Sicily. A number of studies were done on the 
embryology of this population of  B. lanceolatum  
until it was eliminated by an eruption of Mt. Etna 
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  Fig. 3.2    Light micrographs of embryos of  Branchiostoma 
fl oridae . ( A ) Primary oocyte with central nucleus and 
nucleus. The vitelline layer is not visible. ( B ) Spawned 
egg arrested at second meiotic metaphase. The vitelline 
layer ( vl ) is slightly elevated from the egg surface over the 
fi rst polar body ( pb1 ). ( C ) Zygote 20 min after insemina-
tion. The second polar body ( pb2 ) is at the animal pole. 
The fertilization envelope ( fe ) has completely elevated, 
but collapsed in this fi xed specimen. ( D ) An embryo at the 
onset of fi rst cleavage, which begins at the animal pole. 
( E ) Two-cell stage. Nuclei have divided, but the cells have 
not separated. ( F ) Two-cell stage viewed from the animal 
pole.  Fe  fertilization envelope. ( G ) Eight-cell stage 
viewed from the animal pole. ( H ) Early blastula.  bc  blas-
tocoel. ( I ) Mid-blastula. All the blastomeres are approxi-
mately the same size.  bc  blastocoel. ( J ) Surface view of 
late blastula. ( K ) Optical section through late blastula. 
The cells at the vegetal pole are slightly larger and more 
loosely adherent than elsewhere.  bc  blastocoel. ( L ) 
Optical section through very late blastula. The future ecto-
derm ( ect ) is distinguished from the future mesendoderm 
( me ) by tighter packing of the cells. ( M ) Early gastrula. 

The blastula has slightly fl attened at the equator, which is 
the future blastoporal lip. The mesendoderm ( me ) has 
begun to invaginate.  ect  ectoderm. ( N ) Mid-gastrula. 
Invagination is complete and the blastopore is wide open. 
( O ) Late gastrula. The blastopore ( bp ) has nearly closed. 
( P ) Dorsal view of early neurula. Anterior is at left. The 
blastopore ( bp ) marking the posterior of the embryo is at 
the right. In amphioxus, the non-neural ectoderm ( arrows ) 
detaches from the edges of the neural plate ( np ) and 
migrates over it to fuse in the dorsal midline. Then the 
neural plate rounds up. ( Q ) Side view of early neurula. 
The blastopore ( bp ) is posterior and is covered by the non-
neural ectoderm that has migrated over it. ( R ) Dorsal view 
of early neurula. Optical section through the forming 
somites. The anterior-most somites pinch off from preso-
mitic grooves ( ps ) in the dorsolateral edges of the archen-
teron. Anterior at left. ( S ) Side view of neurula. Anterior 
at left. The neuropore ( np ) is open at the anterior end of 
the nerve cord ( nc ). The notochord ( n ) has pinched off 
from the dorsal medial mesoderm.  g  gut. All scale bars = 
50 μm (Reprinted from Holland and Yu ( 2004 ) with per-
mission from Elsevier publishers)       
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in 1910 (Lankester and Willey  1890 ; Willey  1891 ; 
Hatschek  1893 ; Wilson  1893 ; Sobotta  1895 , 
 1897a ,  b ; Van der Stricht  1896 ; MacBride  1898 ; 
Cerfontaine  1906 ). At present, the pontano is used 

mainly for bivalve aquaculture (Giacobbe  2012 ) 
and  B. lanceolatum  is evidently still absent. A major 
diffi culty for studies of early development was 
that researchers had to rely on natural spawnings 
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  Fig. 3.3    Development of neurulae and larvae of amphi-
oxus at 24 °C. Side views. Anterior at left in ( A – D ,  F – J ). 
anterior at right in ( E ). ( A ) Mid-neurula [18 h]. Nerve 
cord ( nc ). ( B ) Mid-neurula [20 h]. Muscular movements 
begin at this stage.  n  notochord. ( C ) Late neurula [24 h].  p  
pharynx. ( D ) Early larva [36 h]. The cerebral vesicle ( cv ) 
is visible at the anterior end of the nerve cord. The mouth 
has opened on the left side of the pharynx (not visible). 
( E ) Six-day larva viewed from the right side. The fi rst two 
gill slits ( 1 ,  2 ) have penetrated on the right behind the 
club-shaped gland ( cg ), an enigmatic structure, which is 
just behind the endostyle ( e ), the thyroid homolog.  Arrows  
show the fi rst two pigment spots associated with photore-
ceptors in the nerve cord. The fi rst of these, the more pos-
terior one, fi rst appears at the mid-neurula stage [15 h]. 
The anterior-most one, associated with the frontal eye, 
appears at 2.5 d.  g  gut. ( F ) Photograph of a live, 10-day 
larva with three gill slits.  E  endostyle visible through the 
transparent pharynx.  Arrows  show the fi rst two pigment 
spots in the nerve cord. The dark material in the gut is 
food. The gut cells turn the color of the algal pigments. 
( G ) Anterior end of a 10-day larva.  Arrows  show the fi rst 
two pigment spots in the nerve cord.  N  notochord. In this 
fi xed specimen, the pineal eye ( pe ), also called the lamel-

lar body, is dorsal in the cerebral vesicle.  m  mouth, which 
in larvae is on the left side. ( H ) Side view of a living larva 
at the onset of metamorphosis (about 3 weeks). At the fi ve 
to nine-gill-slit stage, the row of gill slits on the right 
migrates around the ventral side of the larva to become the 
left gill slits ( lgs ). Then a new row of gill slits ( rgs ) forms 
above them on the right. The mouth is still on the left, but 
has begun to migrate anteriorly. Atrial folds grow out and 
downward from above the gill slits to fuse in the ventral 
midline, forming the atrium ( a ). A diverticulum ( gd ) has 
begun to grow anteriorly from the gut. ( I ) A newly meta-
morphosed adult. The gut diverticulum ( gd ) extends ante-
riorly. ( J ) Higher magnifi cation of the newly 
metamorphosed adult in I. Numerous pigment spots asso-
ciated with photoreceptor cells (the organs of Hesse) have 
formed in the nerve cord ( nc ). The mouth has moved ante-
riorly, and the buccal cirri ( c ) have formed. These keep 
particles that are too large to pass through the digestive 
tract from entering the mouth. Each of the gill slits has 
become divided into two by downward growth of a medial 
bar. Additional gill slits form as the animal grows larger. 
Scale bars ( A – E ) = 50 μm. ( F ,  G)  = 100 μm. ( H – J ) = 
500 μm (Reprinted from Holland and Yu ( 2004 ) with per-
mission from Elsevier publishers)       
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of the animals. Only rarely could they obtain eggs 
and sperm separately and thereby control fertil-
ization to obtain synchronous cultures. An addi-
tional diffi culty arose with the recognition that 
tunicates and amphioxus are closely related. 
Consequently, with the publication of a thorough 
study of ascidian tunicate development (Conklin 
 1905b ), interpretations of amphioxus develop-
ment, particularly those of Conklin himself 
(Conklin  1905a ,  1926 ,  1932 ,  1933 ), were strongly 
infl uenced by the idea that amphioxus and tuni-
cate development should be much the same (see 
Chapter   4    ). Although amphioxus and tunicates 
are closely related, this prejudice is quite surpris-
ing, as experiments done in the nineteenth century 
by Chabry ( 1887 ) and Wilson ( 1893 ) showed that 
ascidian development is mosaic while that of 
amphioxus is regulative (Chapter   4    ). 

 Given the small size of the embryos (eggs of all 
 Branchiostoma  species are about 140 μm in diam-
eter), the diffi culty of obtaining embryos, and the 
limitations of light microscopy together with the 
notion that ascidian and amphioxus development 
should be fundamentally the same, many miscon-
ceptions arose concerning amphioxus development. 
These were ultimately corrected by our electron 
microscopic studies, which began in the late 1980s 
when we rediscovered a population of amphioxus 
in Old Tampa Bay, Florida, fi rst described by 
Wright ( 1890 ) and found that animals could be 
induced to spawn in the laboratory on the same days 
that they would normally spawn in the fi eld. This 
meant that for the fi rst time, amphioxus eggs and 
sperm could be obtained separately, allowing the 
events surrounding fertilization and very early 
development to be studied in detail (Holland and 
Holland  1989 ,  1990 , 1991 a ,  1992 ,  1993a ,  b ). 

    Fertilization 

 The second meiotic division of oocytes is com-
pleted about 10 min after fertilization (Fig.  3.2B ). 
A second polar body is produced and groups of 
maternal chromosomes migrate to one side of the 
animal pole until the sperm nucleus migrates to 
them and a zygote nucleus is formed. The sperm 
has a fl agellum, a round head, a single mitochon-
drion, and an acrosomal granule (Baccetti et al. 
 1972 ) that undergoes exocytosis, producing a 

long acrosomal tubule (Morisawa et al.  2004 ) 
that fuses with the egg (Holland and Holland 
 1992 ). Sperm/egg fusion follows the model of 
most other invertebrates having sperm with an 
acrosomal granule (Holland and Holland  1992 ). 

 There was considerable disagreement concern-
ing the sperm entry point. The problem is that in 
light microscopy, the fertilizing sperm nucleus is 
fi rst visible in the vegetal cytoplasm of the egg 
about 3 min after insemination. Therefore, 
although Sobotta ( 1895 ,  1897b ) thought that the 
sperm might enter anywhere on the egg surface but 
preferentially entered the vegetal pole, Conklin 
and others were convinced that the sperm entered 
only near the vegetal pole (Cerfontaine  1906 ; 
Conklin  1932 ; Hatschek  1893 ). However, serial 
transmission electron microscopy (TEM) of eggs 
fi xed at intervals of a few seconds after fertiliza-
tion demonstrated that the sperm can enter in the 
animal half but, regardless of where it enters, 
migrates to the vegetal pole, arriving in the vegetal 
cytoplasm about 45 s after insemination where it 
decondenses (Fig.  3.4A ; Holland and Holland 
 1992 ). Then, accompanied by a cloud of mito-
chondria, which appear to migrate along the 
astral rays of the sperm centrosome, the sperm 
nucleus migrates towards the animal half, meeting 
the maternal chromosomes to one side of the ani-
mal pole (Holland and Holland  1992 ). Although 
Conklin thought the path of sperm migration at the 
vegetal pole marked the future posterior pole of 
the embryo and larva, subsequent work showed 
that the lips of the blastopore, which forms around 
the equator of the blastula, constitute the posterior 
end of the embryo (Zhang et al.  1997 ).  

 As the sperm nucleus migrates to the vegetal 
pole, the egg undergoes cortical granule exocyto-
sis (Fig.  3.2B ). Cortical granules were fi rst seen 
by Van der Stricht ( 1896 ) who mistakenly thought 
these were yolk granules that migrated into the 
interior of the egg after fertilization. This error 
was corrected by Sobotta ( 1895 ) and (Cerfontaine 
 1906 ), who noted the disappearance of the corti-
cal granules at fertilization and the simultaneous 
appearance of a “second membrane” at the 
periphery of the oocyte. In contrast, Conklin, 
who had noticed that eggs of ascidian tunicates 
had no such cortical granules (Conklin  1905b ) 
and believing that development in amphioxus 
must be essentially the same, mistook the cortical 
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  Fig. 3.4    Germ cells of  Branchiostoma fl oridae  are speci-
fi ed by pole plasm. ( A ) At 10-min post insemination, the 
pole plasm has coalesced at the vegetal pole of the egg. 
Second polar body ( pb2 ) has formed and the sperm 
nucleus 9 ( arrow ) with an associated cloud of mitochon-
dria is migrating into the animal half of the egg where it 
will join the female chromosomes. Scale = 20 μm. ( B ) 
Enlargement of the pole plasm showing whorls of endo-
plasmic reticulum surrounded by mitochondria ( M ). Scale 
= 1 μm.  cg  contents of cortical granules that have under-
gone exocytosis, but not yet dispersed. ( C – M ) Expression 
of the germ cell marker  Nanos  in embryos and larvae. 
Scale = 50 μm. C.  Nanos  mRNA is localized to the pole 
plasm in the fertilized egg and is segregated into a single 
cell until the mid-gastrula (H), when the  Nanos - containing  
cell divides into a small group of cells ( arrows ,  I – M ). At 

the late gastrula stage, zygotic  Nanos  ( arrowhead ) is 
expressed around the blastopore (future tail bud). ( L ) By 
the mid-neurula, germ cells have reached the tail bud. ( M ) 
At the late neurula and larval stages, germ cells associate 
with each somite as it buds from the tail bud (Wu et al. 
 2011 ). ( N ) Onset of second cleavage. Out of 24 embryos 
labeled for another germ cell marker  Vasa , 16 localized 
the germplasm to the left, vegetal blastomere, and 8 to the 
right, vegetal blastomere. ( O – R ) If the fi rst two blasto-
meres are separated ( P ) and allowed to develop apart, 
germplasm (labeled for  Vasa ) is segregated into only one 
blastomere ( Q ,  arrow ). The other blastomere does not 
inherit any germplasm ( R ,  asterisk ) (( A ,  B ) Reprinted 
from Holland and Holland ( 1992 ), ( C – R ) From Wu et al. 
( 2011 ))       
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granules for mitochondria (Conklin  1905a ). He 
argued that, as in ascidians, this mitochondrion- 
containing layer migrated vegetally after fertil-
ization, fi nally accumulating over the astral rays 
at the posterior-vegetal end of the embryo where 
it constituted a “mesodermal crescent” destined 
to form much of the axial musculature (Conklin 
 1932 ). Other early studies failed to fi nd this 
mesodermal crescent for the simple reason that it 
does not exist (Hatschek  1893 ; Van der Stricht 
 1896 ; Sobotta  1897b ; Cerfontaine  1906 ).  

    Pole Plasm 

 In the vegetal cortex of the unfertilized egg are 
sheets of endoplasmic reticulum and associated 
RNA (Fig.  3.4A, B ; Holland and Holland  1992 ). 
Shortly after fertilization, these sheets round up 
into whorls, excluding yolk granules from this 
region. Some of the early researchers mistook the 
pole plasm for the fertilizing sperm (Sobotta 
 1897b ; Cerfontaine  1906 ). Alternatively, Conklin 
( 1932 ) erroneously equated this relatively yolk- 
free zone with a mesodermal crescent destined to 
form myoplasm as in ascidian embryos (Conklin 
 1905b ). During cleavage in  Branchiostoma fl ori-
dae , the pole plasm is segregated into a single 
cell. More recently, analysis of gene expression 
confi rmed that the pole plasm expresses the char-
acteristic germ cell markers  Vasa  and  Nanos , 
which are also expressed in germ cells in the 
adult gonad, and thus constitutes the germplasm 
(Wu et al.  2011 ; Zhang et al.  2013 ). There are 
minor species differences in the development of 
the germ cells among species of  Branchiostoma . 
In  B. belcheri , the pole plasm is segregated into 
two cells during the fairly early blastula stage.  

    Cleavage and Gastrulation 

 First cleavage starts at the animal pole as depicted 
by Cerfontaine ( 1906 ) (Fig.  3.2D ). Cleavage is 
equal (Fig.  3.2E–G ). Second cleavage is at right 
angles, and third cleavage divides the embryo 
into an animal half and a vegetal half. Blastomeres 
are roughly equal in size, although sometimes 

vegetal blastomeres are slightly larger than ani-
mal ones (Fig.  3.2H–L ). The blastomeres are not 
tightly adherent until the mid-late blastula. As a 
result, twins and even quadruplets are common in 
some egg batches. 

 There was little disagreement about cleavage 
and formation of the blastula. However, misinter-
pretations concerning the late blastula and gastru-
lation were rampant, chiefl y because most 
researchers felt that in amphioxus, as in verte-
brates, gastrulation in amphioxus had to involve 
some sort of involution. According to Lwoff 
( 1892 ), the blastopore is posterior. He argued for 
considerable inrolling of tissue over its lips. 
Hatschek ( 1893 ) argued that the blastopore was 
dorsal and closed from front to back. Hatschek 
also felt that there were two particularly large cells, 
evidently mesodermal, similar to those in some 
annelids, that marked the posterior pole of the 
embryo. These cells were subsequently found not 
to exist. Cerfontaine ( 1906 ), in agreement with 
Lwoff, found that at the onset of gastrulation, at 
one side of the fl attening vegetal plate, the cells 
were rounded and rather loose (Fig.  3.2L ). He 
went on to describe preferential involution over the 
dorsal blastopore lip. However, Wilson ( 1893 ) cor-
rectly found that invagination was radially sym-
metrical. Morgan and Hazen ( 1900 ) disagreed, 
arguing that the dorsal side was less rounded than 
the ventral side. They also felt erroneously that 
cells dorsally were lighter and had fewer yolk 
granules than those ventrally. Conklin ( 1932 ) fur-
ther clouded the picture. First, he thought that the 
cells of the (nonexistent) mesodermal crescent 
preferentially divided near the vegetal pole of the 
late blastula and early gastrula. Second, he believed 
that as invagination progressed, mesodermal 
pouches formed just inside of the ventral lip of the 
blastopore. They do not. He did correctly observe 
that as the blastopore began to close, the ventral 
side of the embryo elongates more than the dorsal 
side, but concluded that the mesodermal crescent 
grows dorsally so that it extends to the dorsolateral 
blastopore lip; then the arms of the crescent move 
anteriorly, giving rise to the mesodermal grooves, 
which subsequently form the somites. He argued 
that, as the mesodermal crescent extended dorso-
laterally, the future notochord folds in under the 
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neural plate. Not only is there no mesodermal cres-
cent, none of these movements of tissue around the 
blastopore occur. 

 Subsequent work has shown that gastrulation 
is far simpler than most of these earlier authors 
believed. Spotting of the fl uorescent dye DiI on 
the blastopore lip at the beginning of gastrulation 
and following the dye as the blastopore closed 
demonstrated that the hollow blastula gastrulates 
by simple invagination with only a slight move-
ment of cells over the lips of the gastrula (Fig.  3.5 ; 
Zhang et al.  1997 ). The “petite cells” that migrate 
into the interior of the archenteron and the epib-
oly described by Cerfontaine ( 1906 ) do not exist. 
The blastopore constricts with the tissue at the 
ventral side elongating more than the dorsal side. 
Importantly, Hirakow and Kajita ( 1991 ) found by 
scanning electron microscopy (SEM) that the 
cells around the blastopore of  Branchiostoma 
belcheri  were all about the same size, in contrast 
to some authors who claimed that the cells were 
smaller dorsally (Fig.  3.2M–O ; Morgan and 
Hazen  1900 ; Cerfontaine  1906 ). At the late gas-

trula, each ectodermal cell develops a cilium, and 
the gastrula begins to rotate within the fertiliza-
tion layer. About the same time, the gastrula 
begins to secrete a hatching enzyme which is 
thought to be a metalloproteinase (Denuce  1996 ).  

 The dorsal and dorsolateral cells of the inner 
layer of the gastrula (the hypoblast) comprise the 
future mesoderm. The remainder of the inner 
layer of the gastrula is endoderm (for fate maps at 
the four cell stage, see Fig.  3.6  and below). During 
the late gastrula, the notochord begins to form as 
a fold in the dorsal midline of the inner layer of 
the gastrula and presomitic grooves form on either 
side of the nascent notochord (Fig.  3.2R ). Starting 
at the anterior end of the embryo, somites pinch 
off from the two dorsolateral grooves. At hatch-
ing, there are about three somites (Fig.  3.3 ). 
Simultaneously, the neural plate begins to fl atten. 
The ectoderm on either side of the neural plate 
detaches from the neural plate and “walks” over it 
via lamellipodia (Fig.  3.7L ) to fuse in the dorsal 
midline (Holland et al.  1996 ). Then the neural 
plate curls up to form the neural tube. In spite of 
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  Fig. 3.5    DiI spotted around the amphioxus blastopore at 
the wide-open gastrula stage ( A ) and followed as the blas-
topore closes ( B ,  C ) shows that gastrulation occurs by 
invagination without involution. ( D ,  E ) Schematic dia-
gram of the fate of DiI spotted on the lips of an early gas-
trula. A spot of dye on the edge of the blastopore ( D ) is 

barely internalized ( E ) by the late gastrula. A spot of dye 
just back of the blastopore edge ( D ) remains on the ecto-
derm as the blastopore closes ( E ).  Arrows  in ( A – C ) show 
the dorsal lip of the blastopore.  ar  archenteron,  bc  blasto-
coel (Reprinted from Zhang et al. ( 1997 ) with permission 
from Springer Verlag)       
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misconceptions chiefl y due to Conklin’s “meso-
dermal crescent,” there is no mesoderm ventrally 
until the neurula stage, when it forms as out-
growths from the somites (Kozmik et al.  2001 ).    

    Fate Map 

 Conklin was extremely infl uential. In 1905, he 
published a monograph on ascidian tunicate 
development (Conklin  1905b ) and in the same 
year put forth the idea that amphioxus develop-

ment was probably very like that in ascidians 
(Conklin  1905a ). This is surprising since Chabry 
( 1887 ) and Wilson ( 1893 ) working, respectively, 
on ascidians and amphioxus had already shown 
that development in ascidians is determinant or 
mosaic and that in amphioxus is indeterminant or 
regulative. Thus, Chabry ( 1887 ) found that if one 
of the fi rst two blastomeres of an ascidian embryo 
was killed, the other could only develop into 
what it normally would have formed in the intact 
embryo; cell fates are largely fi xed before fi rst 
cleavage. In contrast, Wilson ( 1893 ) separated 

  Fig. 3.6    Fate maps of amphioxus embryos at the 4-cell 
stage according to Conklin ( 1933 ), Tung et al. ( 1962b ), 
and Holland and Holland ( 2007 ). The fi rst two of these 
maps assumed that there was involution over the blasto-
pore lips during gastrulation. The map of Holland and 
Holland takes into consideration the study of (Zhang et al. 
 1997 ), which showed that there is not involution over the 
blastopore lips as well as expression of developmental 
genes marking particular structures such as the future neu-

ral plate and non-neural ectoderm at the early gastrula 
stage (e.g., (Holland et al.  1996 ,  2000 ). A* anterior pole, 
P posterior pole.  Arrows  indicate the presumed fate of the 
adjacent portions of the embryo.  Dotted lines  indicate cell 
boundaries. The second polar body is at the animal pole. 
 Blue  non-neural ectoderm,  green  neural plate,  yellow  
endoderm,  orange  somites,  red  notochord (Reprinted 
from Holland and Holland ( 2007 ) with permission from 
Oxford University Press)       

 

3 Cephalochordata



102

A

E

G

M

H I J K L

F

B C D

N O Q

S U

P

R T

 

L.Z. Holland



103

blastomeres of amphioxus embryos and showed 
that the fi rst two cells could each develop into a 
half-sized larva. Even the fi rst four cells could 
develop into larvae, albeit incomplete ones. This 
is a major difference in development of the two 
species. 

 Even so, Conklin remained convinced that 
development in amphioxus and ascidians was 
fundamentally the same, stating “In preparation 
for the study of the development of wholly or 
partially separated blastomeres of Amphioxus, I 
have made a careful study of the typical develop-
ment of that animal and fi nd that it is more strik-
ingly like that of ascidians than has been 
recognized hitherto” (Conklin  1933 ). Therefore, 
even though he repeated the experiments of 
Wilson on amphioxus and Chabry on ascidian 
tunicates and obtained essentially the same 
results as these previous authors, he presented a 
fate map of amphioxus embryos which is very 
like the fate map for ascidians (Fig.  3.6 ; Conklin 
 1933 ) and which later work showed is largely 
wrong (reviewed in Holland and Holland ( 2007 ); 
Chapter   4    ). 

 Thus, Conklin ( 1933 ) argued that the relatively 
yolk-free zone containing the pole plasm located 
near the vegetal pole of amphioxus zygotes 
(Fig.  3.4 ) constituted a myoplasm such as that 
which exists in ascidian eggs. He also hoped to 
fi nd parallels between amphioxus and frog devel-
opment. Although he could not fi nd anything in 
amphioxus eggs like the gray crescent of frog’s 
eggs, he was convinced it must exist and that 
small round cells at the dorsal lip of the blasto-
pore constituted a crescent of mesodermal cells. 
In reality, there is no myoplasm and no gray cres-
cent in amphioxus. However, in spite of the exper-
iments of Chabry and Wilson and the failure of 
any other researcher to fi nd a mesodermal cres-
cent or gray crescent, Conklin’s fate map (Fig.  3.6 ) 
became incorporated into a wide range of text-
books and publications. For example, Drach 
( 1948 ) maintained that the only real difference in 
early development of amphioxus and tunicates 
was that determination of cell fates occurred ear-
lier in tunicates than in amphioxus, while Balinsky 
( 1981 ) elaborated upon the idea that mesoderm 
ventrally around the blastopore fl owed dorsally 

  Fig. 3.7    Ectodermal sensory cells are “born” in the ventral 
midline of amphioxus embryos and migrate dorsally. Levels 
of BMP signaling control their number and position. For all 
whole mounts, anterior is to the left. ( A – B ,  E – L ) Scanning 
electron micrographs. ( A ) Side view of early neurula (14 h) 
with ectoderm removed, showing earliest ectodermal sen-
sory neurons on the ventral side. Scale = 20 μm. ( B ) 
Enlargement of box in ( A ). Lamellate pseudopodia ( arrows ) 
extend from the cell bases. One cell has not yet lost its cil-
ium ( arrowhead ). Scale = 3 μm. ( C ) Early mid-neurula. In 
situ hybridization showing  Delta  expression in ectodermal 
sensory cells ventrally.  Delta  is also expressed in the nascent 
somites and in scattered cells in the CNS. ( D ) Cross section 
through early neurula. In situ hybridization for  Delta . One 
nascent ectodermal sensory cell ventrally expresses  Delta. 
Arrowheads  show the ectoderm adjacent the neural plate 
which has moved laterally over the neural plate but has not 
yet fused in the midline.  Delta  is also expressed in the 
nascent somites and scattered cells in the CNS. ( E ) Side 
view of late mid-neurula (16 h) with ectoderm removed. 
Ectodermal sensory cells are moving up the sides of the 
embryo. Scale = 20 μm. ( F ) Side view of late (18 h) neurula 
with ectodermal sensory cells having migrated dorsolater-
ally. Scale = 20 μm ( F ). ( G – I ) Enlargements of the ectoder-
mal sensory cells within the box in ( E ). Each has one or two 
pseudopodia and has lost the cilium. Scale = 2 μm. ( J ) 

Enlargement of the box in ( F ). The ectodermal sensory cell 
at the top has reached its fi nal position and is extending an 
axon ( arrow ), which will enter the CNS. Scale = 3 μm. ( K ) 
Ectodermal sensory cell beginning to extend an axon. Scale 
as in ( J ). ( L ) Ectodermal sensory cell with axon which has 
reinserted the apex into the ectoderm. It will soon regrow a 
cilium. ( M ) Larvae soaked in a DiI solution. The dye is pref-
erentially taken up by the ectodermal sensory neurons. The 
whole larva is 4 days old; anterior to the left. Neurons in the 
anterior and posterior tips of the larva are sending axons 
towards the fi rst photoreceptor to form ( arrow ). Inserts; 
show head, fi rst photoreceptor, and tail of 30-day larvae. By 
30 days, metamorphosis is in progress and the tail fi n has 
been remodeled. ( N – U ) Zebrafi sh BMP4 (250 ng/ml) added 
to amphioxus embryos during the gastrula stage increases 
the number of ectodermal sensory cells and radializes their 
location. Concomitantly, the dorsal ectoderm is not specifi ed 
as neural plate. ( N ,  R ) and ( P ,  T ) indicate double labeling 
for  pSmad1 / 5 / 8  ( red ) and  Hu / Elav  ( green ) at the late gas-
trula/early neurula stage. ( O ,  Q ,  S ) and ( U ) are quantitative 
surface plots of the fl uorescence in ( N ,  P ,  R ) and ( T ), 
respectively. Controls ( L – O ) and zBMP4 treated ( P – S ). ( A , 
 B ,  E ,  F – L  reprinted from Kaltenbach et al. ( 2009 ) and ( M ) 
reprinted from Holland and Yu ( 2002 ) with permission from 
John Wiley and Sons. ( N ,  R ) and ( P ,  T ) reprinted from Wu 
et al. ( 2011 ))       
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and extended anteriorly to form the somites, while 
the notochord cells involuted posteriorly. Other 
authors have copied Conklin’s fate map (Browder 
et al.  1991 ; Khanna  2004 ; Bhatnagar and Bansal 
 2008 ) (e.g., while some have made minor varia-
tions (Gerhart and Kirschner  1997 ; Chea et al. 
 2005 ). Conklin’s erroneous fate map also appears 
prominently on the web (  http://www.biozoomer.
com/2011/01/amphioxus-reproduction-post.html    , 
  http://www.preservearticles.com/201104085120/
brief-note- on-the-fate-map-and-process-of-
gastrulation-in- amphioxus.html    , and   http://darwin
.wcupa.edu/beneski/devo2/pdf/07-Devo-amphioxus-
HO.pdf    ). 

 One reason Conklin’s fate map became the 
last word was that by the mid-twentieth century 
amphioxus populations in Sicily and Naples, 
Italy, had declined and embryos could not be 
obtained. The fi rst attempt to reexamine the 
amphioxus fate map came in the late 1950s. T. C. 
Tung and colleagues working on the Chinese 
species of amphioxus,  Branchiostoma belcheri , 
repeated several of these classic experiments 
(Tung et al.  1958 ; Tung et al.  1960 ,  1962a ,  b ). 
They followed the fates of isolated blastomeres 
and tiers of blastomeres of  B. belcheri  embryos 
and performed dye labeling in order to reexamine 
the fate map (Fig.  3.6 ). They found that their data 
were not in agreement with those of Conklin 
( 1933 ) (Fig.  3.6 ). For example, they argued that 
only the posterior portion of the neural plate 
derived from the vegetal cytoplasm, although 
Conklin ( 1933 ) had placed much of the future 
neural plate in the vegetal half of the early 
embryo. However, evidently infl uenced to some 
extent by Conklin’s drawing, they depicted the 
future mesoderm in a band around the entire 
embryo just vegetal to the equator of the blastula 
(Fig.  3.6 ; Tung et al.  1962b ). Finally they con-
cluded that the amphioxus fate map was more 
like that of amphibian eggs than ascidian eggs. 
This modifi ed fate map was accepted by some 
(e.g., (Browder et al.  1991 ; Gerhart and Kirschner 
 1997 ), but was, unfortunately, far from correct. 

 EvoDevo studies fi nally resulted in a thor-
oughly revised fate map (Holland and Holland 
 2007 ; Fig.  3.6 ). Most importantly, the demonstra-
tion by spotting DiI on the lip of the wide-open 

blastopore of  Branchiostoma fl oridae  showed 
conclusively that there is only a slight involution 
over the blastopore lip (Fig.  3.5 ; Zhang et al. 
 1997 ). Therefore, the vegetal half of the egg and 
blastula is destined to become mesendoderm and 
the animal half ectoderm. The equator of the 
blastula is the future blastoporal lip. Secondly, 
expression of the ventral mesoderm marker, 
 AmphiVent , demonstrated that at the early neu-
rula stage, ventral mesoderm arises from ventral 
outgrowths of the somites (Kozmik et al.  2001 ). 
These outgrowths fuse laterally and migrate 
between the ectoderm and endoderm as sheets of 
mesoderm. The left and right sheets of mesoderm 
fuse in the ventral midline. Therefore, at the blas-
tula stage, the presumptive mesoderm is all 
located dorsally (Fig.  3.6 ; Holland and Holland 
 2007 ). At the early gastrula stage, the future neu-
ral plate becomes visible by in situ hybridization 
when the mesendoderm invaginates and fi rst 
comes into contact with the ectoderm. As soon as 
this happens,  Distalless  which was expressed 
throughout the ectoderm at the onset of gastrula-
tion becomes downregulated in the future neural 
plate (Holland et al.  1996 ), while one of the two 
 SoxB  genes turns on there (Holland et al.  2000 ). 

 Transmission electron microscopy also helped 
clarify misconceptions made on the basis of light 
microscopy that cells at the dorsal lip of the blas-
topore were substantially different from those at 
the ventral lip. S.C. Wu, who had published with 
the Tungs and been unable to work during the 
cultural revolution in China, returned to Qingdao 
and began to publish on early development of 
 Branchiostoma belcheri  (Wu  1986 ), while 
Hirakow and Kajita, who also obtained material 
in Qingdao, China, described early development 
of the fertilized egg through the early larva with 
TEM and scanning electron microscopy (SEM) 
(Hirakow and Kajita  1990 ,  1991 ,  1994 ). They 
found that at the mid-gastrula stage, one surface 
of the blastopore lip was “smoother” than the 
others. This might be because at the mid-gastrula, 
cell division decreases in the ectoderm and 
increases in the endoderm; however, some ecto-
dermal cells around the blastopore continue to 
divide – more at the dorsal lip than at the ventral 
lip (Holland and Holland  2006 ). As cells divide 
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they round up, which would give a transient 
rougher appearance in SEM. Later during gastru-
lation, Hirakow and Kajita ( 1991 ) could detect no 
difference between cells at the dorsal and ventral 
lips of the gastrula.  

    Spemann’s Organizer 

 The fi rst experiments to determine if amphioxus 
has an equivalent of Spemann’s organizer were 
by Tung et al. ( 1962a ). Because it is impossible 
to distinguish dorsal from ventral or lateral in 
early amphioxus gastrulae, they cut out pieces of 
the blastopore lip at random and inserted them 
into the blastocoel of a host embryo. As the 
embryos are very small – no more than 300 μm in 
diameter – it is impossible to know just how 
much tissue was transplanted. Even so (Tung 
et al.  1962a ) found that in about 25 % of the 
embryos with transplants, a partial secondary 
axis was obtained. Therefore, they concluded that 
amphioxus has a homolog of Spemann’s orga-
nizer. However, these results are diffi cult to inter-
pret because, fi rst, it is not possible to determine 
which part of the blastoporal lip was transplanted; 
second, the small size of the gastrula makes it dif-
fi cult to dissect a small portion of tissue; and, 
third, it is not possible to distinguish host from 
donor tissue. In the absence of photographs (the 
authors made line drawings of their results) and 
without the experiments being independently 
verifi ed (they have never been repeated), it is 
uncertain whether the results refl ected a true 
induction of a secondary axis. 

 Even so, comparisons of gene expression pat-
terns and functions between amphioxus and ver-
tebrates have provided convincing evidence that 
amphioxus has an equivalent of Spemann’s orga-
nizer or the node in vertebrates. The key techni-
cal breakthrough was the construction of 5 
gridded cDNA libraries of unfertilized eggs, 
embryonic stages, and adults of  Branchiostoma 
fl oridae  and the end sequencing (EST) of 210,000 
clones (Yu et al.  2008b ). This allowed the rapid 
determination of expression patterns of a large 
number of amphioxus homologs of genes 
expressed in Spemann’s organizer in vertebrates 

(Yu et al.  2007 ,  2008b ). These studies showed 
that the dorsal lip of the blastopore of the amphi-
oxus gastrula expresses  Nodal , its antagonist 
 Lefty ,  Fgf8 / 17 / 18 , and homologs of other genes 
expressed in Spemann’s organizer of vertebrates. 
Bone morphogenic proteins ( BMPs ) and their 
antagonists are also expressed in patterns in 
amphioxus similar to those of their homologs in 
vertebrates. Moreover, addition of vertebrate 
BMP4 protein to early amphioxus embryos 
caused the loss of all dorsal and anterior struc-
tures; the notochord and nerve cord were absent, 
but the larvae had a tail fi n. Conversely, upregula-
tion of the Nodal signaling pathway anteriorized 
embryos and converted all the ectoderm to neuro-
ectoderm (Onai et al.  2010 ). Moreover, inhibition 
of Fgf signaling during early cleavage inhibited 
gastrulation; treatment at the early neurula inhib-
ited formation of the anterior-most somites 
(Bertrand et al.  2011 ). These results demon-
strated that amphioxus has a homolog of 
Spemann’s organizer and that such an organizer 
was probably present in the ancestral chordate. 

 Expression and functional studies of addi-
tional genes indicated that anterior-posterior 
(AP) patterning during the gastrula stage involves 
signaling by both Wnt/β-catenin and retinoic acid 
(RA). Wnt/β-catenin signaling around the blasto-
pore specifi es posterior identity. Anteriorly, Wnt/
β-catenin signaling is suppressed by a number of 
antagonists (Onai et al. 2009,  2012 ). Several 
Wnts are expressed around the blastopore.  Wnt1  
is noteworthy as it is expressed around the single 
gut opening of cnidarians and the posterior gut 
opening of most bilaterians. This is very like the 
situation in sea urchin embryos (Emily-Fenouil 
et al.  1998 ; Angerer and Angerer  2000 ; Bandhorst 
and Klein  2002 ), indicating that the ancestral 
chordate probably used posterior Wnt/β-catenin 
signaling and its anterior suppression to mediate 
AP patterning (Yu et al.  2007 ; Holland  2002 ). 
Subsequent to genome duplications in verte-
brates, expression of  Wnt1  around the blastopore 
was lost; presumably its function has been taken 
over by other Wnts such as  Wnt3 , which prefer-
entially signal via β-catenin. Functional studies 
have demonstrated that Wnt/β-catenin signaling in 
tissue around the amphioxus blastopore specifi es 

3 Cephalochordata



106

posterior identity, but does not specify position 
along the AP axis (Onai et al. 2009). 

 During the gastrula stage, position along the 
AP axis is specifi ed by retinoic acid (RA) sig-
naling. RA, a natural morphogen synthesized 
from vitamin A, binds to heterodimers of the 
retinoic acid receptor (RAR) and retinoid X 
receptor (RXR), which then act as transcription 
factors to activate direct targets. The expression 
of RAR is taken to refl ect the level of RA signal-
ing. RAR is expressed throughout the mesendo-
derm of the amphioxus gastrula (Escriva-Garcia 
et al.  2002 ). Of 40 genes with spatially restricted 
expression in the amphioxus gastrula, only 
 HNF3 - 1 ,  Hox1 , and  Hox3  are direct targets of 
RA (Koop et al.  2010 ).  HNF3 - 1  is expressed in 
the dorsal/posterior mesendoderm and ventral/
anterior mesendoderm, while the two Hox genes 
are expressed in both germ layers around the 

blastopore with Hox3 more strongly expressed 
dorsally (Koop et al.  2010 ). These three genes 
are all upregulated by exogenous RA and their 
expression patterns expanded. RA-treated 
embryos fi xed at the neurula and larval stages 
show that the heads have been respecifi ed as 
more posterior tissues. 

 It is highly likely that the patterning of the 
amphioxus gastrula refl ects the mechanism that 
was present in the ancestral chordate with RA 
directly regulating Hox and  HNF3  genes during 
the gastrula stage. For vertebrates, because of 
extensive tissue movements during gastrulation, 
experiments to investigate direct targets are dif-
fi cult to interpret. Even so, manipulation of RA, 
BMP, Fgf, and Wnt signaling during the gastrula 
stage of vertebrate embryos results in defects in 
anterior-posterior and dorsoventral patterning at 
the late gastrula/neurula stages similar to those 

A B

  Fig. 3.8    Somite segmentation from the tail bud in verte-
brates ( A ) and amphioxus ( B ) is similar except that in 
amphioxus, somites bud off directly from the tail bud and 
not from bands of presomitic mesoderm as in vertebrates. 
In both Wnt/β-catenin signaling from the tail bud is 
opposed by an anterior gradient of retinoic acid ( RA ) sig-
naling. Expression of the Notch pathway member  hairy  is 

involved in specifi cation of segment boundaries. At least 
in amphioxus and probably also in vertebrates, Wnt/β-
catenin signaling is suppressed in the posterior portion of 
each somite – in at least amphioxus (T. Onai and L.Z. 
Holland, unpublished data) and probably vertebrates as 
well – by the Wnt antagonist, Dkk1/2/4 (Zhang and Mao 
 2010 ; Pedersen et al.  2011 )       
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that result from comparable experiments in 
amphioxus (Chapman et al.  2002 ; Hashiguchi 
and Mullins  2013 ).  

    The Neurula 

 At the late gastrula, all the ectodermal cells 
develop cilia, and the gastrula begins to rotate 
within the fertilization envelope. Before hatch-
ing, the anterior somites begin to pinch off from 
the presomitic grooves starting at the anterior end 
of the late gastrula. As the neurula elongates, 
somites continue to pinch off from the presomitic 
grooves. By the late neurula stage, when there are 
8–12 somites, somites begin to pinch off one at a 
time from the tail bud – for a total of about 57–60 
on each side in  Branchiostoma fl oridae  
(Boschung and Gunter  1962 ) and 62–66 in  B. 
belcheri  (Henmi and Yamaguchi  2003 ). Thus, the 
anterior somites are formed enterocoelically and 
the remainder by schizocoely. Formation of the 
somites from the tail bud is essentially like that in 
vertebrates with many of the same genes 
expressed (Fig.  3.8 ). However, in vertebrates, 
bands of presomitic mesoderm intervene between 
the tail bud and the budding somites.  

 The dorsal side of the late gastrula fl attens to 
form the neural plate. Once the neural plate 
forms, the non-neural ectoderm moves over the 
neural plate (Fig.  3.7D ;  3.9D ). There was consid-
erable controversy as how this is done. The 
majority opinion, which is incorrect, was that the 
ectoderm moved anterior from the posterior end 
of the embryo to cover the neural plate 
(Kowalevsky  1867 ; Hatschek  1893 ; Cerfontaine 
 1906 ; Conklin  1932 ). Samassa ( 1898 ) was closer 
to the truth. He thought that ectoderm lateral to 
the neural plate extended over the neural plate to 
fuse in the center, with fusion extending anteri-
orly and posteriorly over the blastopore (Samassa 
 1898 ). Scanning and transmission electron 
microscopy ultimately showed that Samassa 
( 1898 ) was nearly correct – after the neural plate 
fl attens, sheets of ectoderm adjacent the neural 
plate detach from it and migrate from the sides 
over the neural plate to fuse in the dorsal midline 
starting at the anterior end of the embryo 

(Hirakow and Kajita  1994 ; Holland et al.  1996 ). 
In  Branchiostoma fl oridae  at room temperature, 
the whole process requires about 15 min. After 
the ectoderm covers the neural plate, the neural 
plate rounds up into a tube. A neuropore remains 
open at the anterior end of the embryo and the 
lumen of the CNS remains continuous with the 
lumen of the gut via the neurenteric canal.   

    LATE DEVELOPMENT 

    Larvae and Metamorphosis 

 Amphioxus is considered a direct developer. 
That is, metamorphosis reorients the mouth, gill 
slits, and endostyle, but many larval structures 
persist into the adult (Fig.  3.3 ). This is important 
because the results of many electron microscopic 
studies starting in the 1960s, which were chiefl y 
on adults, are mostly applicable to larvae as well 
(e.g., Flood ( 1966 ,  1975b ), Welsch ( 1968 )). By 
defi nition, the larval stage begins when the 
mouth, thought to be a modifi ed gill slit, opens 
on the left. In  Branchiostoma fl oridae  this is 
about 30 h after fertilization at 24 °C. At this 
time, there is one gill slit, and the major organs 
are developing. The larval kidney (Hatschek’s 
nephridium) is on the left, between the ectoderm 
and the anterior-most somite (Hatschek  1884 , 
 1893 , Van Wijhe  1893 ; Legros  1910 ; Goodrich 
 1933 ; Ruppert  1996 ). It has been quite contro-
versial as to whether amphioxus has a heart 
(reviewed in Holland et al.  2003 ). For example, 
Franz ( 1933 ) argued that amphioxus had no 
heart (Franz  1933 ), while Paxual-Anaya et al. 
( 2013 ) maintain that amphioxus lacks a “proper 
heart.” There is a subenteric contractile vessel 
capable of smooth-muscle-driven peristalsis 
(Rahr 1981). The direction periodically reverses 
at least in some species of  Branchiostoma . 
However, gene expression, especially for  tinman  
( Nkx2 .5), considerably strengthened the idea 
that the contractile vessel, even if not a “proper 
heart,” is homologous to other chordate hearts 
(Holland et al.  2003 ). 

 The endostyle, a homolog of the vertebrate 
thyroid gland, develops on the right side of the 
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larva (Van Wijhe  1907 ; Conklin  1932 ; Olsson 
 1983 ), and behind it the club-shaped gland forms 
(Fig.  3.3E, F ). The developing endostyle 
expresses genes including  Pax2 / 5 / 8  characteristic 
of the developing vertebrate thyroid (Kozmik 
et al.  1999 ,  2007 ). At metamorphosis, the endo-
style migrates to the fl oor of the pharynx. It 
secretes proteins, at least some of which are iodo-
proteins, used in feeding (Kobayashi and Tsuneki 
 1983 ; Fredriksson et al.  1984 ,  1985 ). The func-
tion of the club-shaped gland was controversial, 
but the consensus is that it is secretory, perhaps 
involved in larval feeding (Legros  1898 ; Conklin 
 1932 ; Olsson  1983 ; Gilmour  1996 ; Lacalli 
 2008b ; Holland et al.  2009 ). Histochemistry 
showed that it secretes mucoproteins (Holland 
et al.  2009 ). At metamorphosis, the club-shaped 
gland undergoes apoptosis and disappears 
(Holland et al.  2009 ). 

 The ciliated pit, open to the environment on 
the left side of the larva, fuses with the left ante-
rior diverticulum of the gut (Hatschek’s diver-
ticulum). At metamorphosis, it becomes 
Hatschek’s pit (Hatschek  1884 ), which is con-
sidered homologous to the vertebrate adenohy-
pophysis (Van Wijhe  1907 ). During development, 
genes such as  Pax6 , which are characteristically 
expressed in the developing adenohypophysis of 
vertebrates, are also expressed in either the cili-
ated pit and/or Hatschek’s diverticulum in 
amphioxus (Glardon et al.  1998 ). Two gill slits 
form within the fi rst 2 days of development. By 
36 h, the anus is open (Stokes  1996 ). In the wild, 
the larvae grow faster in summer, presumably 
because the temperature is higher in summer and 
the food more abundant. As the larvae grow, they 
add gill slits. About the eight-gill-slit stage, 
which in  Branchiostoma fl oridae  occurs about 
3 weeks after fertilization at 30 °C, a gradual 
metamorphosis begins. 

 Metamorphosis, which can be triggered by T3 
thyroid hormone (Paris et al.  2008 ), consists fi rst 
of the outgrowth of folds of the body wall over 
the gill slits which fuse in the ventral midline to 
form the atrial cavity. The current of water that 
enters the mouth exits the gill slits and reaches 
the exterior via the atrial pore at the posterior end 
of the atrial cavity. Apoptosis of the club-shaped 

gland begins upon the addition of T3 thyroid 
hormone (Holland et al.  2009 ). Next, a second 
row of gill slits appears on the right above the 
fi rst, and the fi rst row begins to migrate to the left 
side. A bar grows from dorsal to ventral and 
divides each gill slit into two (Fig.  3.3H–J ). The 
mouth migrates to the anterior end of the larva 
and cirri grow from the edges of the mouth 
(Fig.  3.3J ). These cirri are studded with mecha-
nosensory cells. They are capable of regenera-
tion (Kaneto and Wada  2011 ) and function to 
keep large particles out of the mouth and phar-
ynx. The larval tailfi n, the rays of which are 
composed of ciliary rootlets, is remodeled 
(Fig.  3.7M ; Flood  1975a ; Mansfi eld and Holland 
 2015 ). Finally, the anus then moves from the 
right side to the left (Stokes and Holland  1995b ) 
and the endostyle migrates to the ventral midline 
of the pharynx. Interestingly, if the anterior or 
posterior tips of adults are cut off, they can 
regenerate (Somorjai et al.  2012 ).  

    Photoreceptors 

 Amphioxus lacks image-forming eyes, but has 
several types of photoreceptors. At the mid- 
neurula stage, the fi rst photoreceptor develops in 
the ventral midline of the nerve cord at the level 
of somite 4 (Fig.  3.7M ). This is the fi rst “organ 
of Hesse” and consists of two neurons (microvil-
lar photoreceptors) and one pigment cup cell. 
The neurulae are positively phototropic, swim-
ming up and towards the light. Later during the 
larval stage, additional organs of Hesse consist-
ing of a single neuron and a single pigment cup 
cell develop along the neural tube from the pos-
terior portion of the cerebral vesicle (forebrain + 
small midbrain) to the posterior tip of the animal 
(Hesse  1898 ; Eakin and Westfall  1962 ; Nakao 
 1964 ). These photoreceptors contain melanopsin 
and are maximally sensitive to blue light (del 
Pilar Gomez et al.  2009 ; del Pilar Gomez and 
Nasi  2010 ; Pulido et al.  2012 ). There are three 
other kinds of photoreceptors in the CNS. The 
Joseph cells are also microvillar but lack associ-
ated pigment cells, while two (the frontal eye 
and the lamellar body) are ciliary (Figs.  3.7M  
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and  3.10 ; Lacalli et al.  1994 ). The Joseph cells 
are located dorsally in the posterior portion of 
the cerebral vesicle (Boveri  1904 ; Joseph  1904 ; 
Nakao  1964 ). They also contain melanopsin and 
have electrical properties similar to those of the 
organs of Hesse (Eakin and Westfall  1962 ; 
Koyanagi et al.  2005 ; Pulido et al.  2012 ). At the 
early larval stage, the frontal eye, which consists 
of pigment cells and several photoreceptor cells, 
forms, and the larvae orient to the light as they 
hang in the water column and fi lter feed 

(Fig.  3.10 ; Stokes and Holland  1995a ). During 
the larval stage, the cilia of the frontal eye extend 
out through the neuropore. The lamellar body, 
which is a ciliary photoreceptor, is located dor-
sally in the cerebral vesicle of the larva in the 
equivalent of the forebrain (Fig.  3.10 ; Lacalli 
et al.  1994 ). It is not associated with pigment 
cells. Morphologically, it is very much like the 
pineal in the larval lamprey (Cole and Youson 
 1982 ) and has been suggested to be involved in 
circadian rhythms (Wicht and Lacalli  2005 ).    

A

C D E

B

  Fig. 3.9    Migration of neuroblasts from neurogenic plac-
odes in the chick ( A ,  B ) is similar to migration of ectoder-
mal sensory cells in amphioxus ( C – E ). In the chick, 
neuroblasts migrate from the neurogenic placodes ( A ) and 
contribute to cranial ganglia ( B ), while neural crest cells 
( green ) migrate from the neural folds in the opposite 

direction. ( C – E ) In amphioxus, ectodermal sensory cells 
are generated in the ventral ectoderm; lose their cilia and 
migrate dorsally ( C ); generate axons ( D ), which grow into 
the CNS; develop a specialized cilium; and reinsert into 
the ectoderm ( E ) (After Holland ( 2009 ))       
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    Development of the Central Nervous 
System (CNS) 

    Gene Expression During Neurogenesis 
 The fi rst question addressed by studies of genes 
and development in amphioxus concerned evolu-
tion of the vertebrate brain. Before the EvoDevo 
era, there were several competing theories con-
cerning homology of the amphioxus CNS and the 
vertebrate brain. Gans and Northcutt ( 1983 ) pos-
tulated that the portion of the vertebrate head 
anterior to the posterior hindbrain was a verte-
brate invention. They based this argument on the 
fact that somites in vertebrates only extends as far 
anteriorly as the posterior part of the vertebrate 
hindbrain, whereas in amphioxus somites extend 

to the anterior tip of the animal. This is essen-
tially a partial-brain theory as also advocated by 
Langille and Hall ( 1989 ). In contrast, others 
argued that the cerebral vesicle is equivalent to 
the entire vertebrate brain or to at least the verte-
brate brain minus the telencephalon (the big-
brain theory) (Stieda  1873 ; Huxley  1875 ; Ayers 
 1890 ,  1907 ; Guthrie  1975 ). Other theories were 
the no-brain theory (amphioxus is essentially 
brainless; the vertebrate brain is an entirely new 
structure) (Berrill  1955 ; Garstang  1960 ) and the 
small brain theory (amphioxus has a tiny, rudi-
mentary brain, which expanded in the vertebrate 
lineage) (Balfour  1885 ; Delsman  1922 ). 

 EvoDevo of amphioxus strengthened the idea 
that amphioxus has a brain and showed that 

  Fig. 3.10    Comparison of neuroanatomy between the 
vertebrate and amphioxus CNS. Amphioxus lacks a telen-
cephalon. The frontal eye has been homologized with the 
vertebrate paired eyes. In both vertebrates and amphioxus, 
neuronal processes extend posteriorly to the midbrain. 
Infundibular cells, which secrete an extracellular fi ber that 
extends in the neural canal, are characteristic of the 
 diencephalon. The pineal eye of vertebrates is homolo-

gous to the lamellar body of amphioxus. Motor neurons 
are characteristic of the midbrain and hindbrain in both 
vertebrates and amphioxus. In vertebrates  ANR ,  ZLI , and 
 MHB  function as organizers. Amphioxus has homologs of 
these regions, but they may not function as organizers 
(After Lacalli ( 2008a ) with permission from Elsevier 
publishers)       
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regional patterning of the amphioxus brain is 
very like that of vertebrate brains. In the early 
1990s, N.D. Holland, L.Z. Holland, and 
P.W.H. Holland’ inspired by the fi nding of con-
served collinear expression of Hox genes along 
the body axis of fl ies and in the CNS of the mouse 
(reviewed in De Robertis et al.  1990 ), decided to 
address the question of how the vertebrate brain 
evolved by examining expression of Hox genes 
in the CNS of amphioxus. Our fi rst paper on 
genes and development in amphioxus showed 
that  Hox3  is expressed in the amphioxus CNS 
with an anterior limit at the level of the boundary 
between somites 4 and 5 – just anterior to the fi rst 
photoreceptor to form (Fig.  3.11 ; Holland et al. 
 1992 ). This is similar to expression of  Hoxb3  in 
vertebrate brains with an anterior limit at the 
boundary between rhombomeres 4 and 5 in the 
hindbrain (Manzanares et al.  2001 ). This com-
parison indicated that amphioxus has a homolog 
of the vertebrate hindbrain and, since there is a 
considerable amount of nerve cord anterior to the 
 Hox3 -expressing zone, the data suggested that 
there is also a forebrain and/or midbrain. This 
study was accompanied by sequencing of the 
amphioxus Hox cluster. Although it was initially 
claimed that amphioxus has two Hox clusters 
(Pendleton et al.  1993 ), it was since shown that 
amphioxus has a single cluster of 15 colinear 
Hox genes, which, with the possible exception of 
 Hox14  and  Hox15 , likely represents the Hox 
cluster in the ancestral chordate (Garcia- 
Fernandez and Holland  1994 ; Ferrier et al.  2000 ; 
Holland et al.  2008a ). This is important as it is 
good evidence that the four clusters of Hox genes 
in vertebrates probably evolved from two rounds 
of whole-genome duplications as proposed by 
Ohno ( 1970 ). Even stronger evidence was 
obtained from sequencing the entire genome of 
 Branchiostoma fl oridae , which not only con-
fi rmed that amphioxus had not undergone any 
whole-genome duplications but also showed that 
the amphioxus genome shared remarkable syn-
teny with vertebrate genomes (Putnam et al. 
 2008 ). This result allowed reconstruction of 17 
ancestral chordate linkage groups (chromo-
somes) and supported the validity of using 
amphioxus as a proxy for the ancestral chordate 

in studies of how the vertebrates evolved from 
their invertebrate ancestors.  

 Subsequent studies of developmental gene 
expression complemented with transmission 
electron microscopy (TEM) of serial fi ne sec-
tions have elaborated upon this result. Fairly 
extensive gene maps of the CNS of neurulae and 
larvae compared to those of vertebrates have 
shown that not only does amphioxus have a hind-
brain, but it also has a diencephalic forebrain, a 
small midbrain, and a spinal cord (Figs.  3.10  and 
 3.11 ). For example, at the neurula stage the cere-
bral vesicle expresses a suite of homologs of 
genes expressed in similar patterns in the devel-
oping vertebrate forebrain (Sánchez-Arrones 
et al.  2009 ). These genes include  Otx ,  Pax6 , and 
 Fgf8 / 17 / 18  (Williams and Holland  1996 ; Glardon 
et al.  1997 ; Bertrand et al.  2011 ) expressed 
throughout the amphioxus cerebral vesicle and 
 Six3 / 6 ,  FoxG1 ( BF1 ), and  Dlx  (Holland et al. 
 1996 ; Toresson et al.  1998 ; Kozmik et al.  2007 ) 
expressed at its tip.  FoxG1  is a telencephalon 
marker in vertebrates, but it is also expressed in 
the developing retina, a diencephalic derivative 
(Shimamura and Rubenstein  1997 ). Taken 
together with evidence from serial TEM (Lacalli 
 1996a ,  b ), it is likely that expression of  FoxG1  
( BF1 ) at the tip of the cerebral vesicle in amphi-
oxus is indicative of homology with the 
diencephalon.  

    The Organizing Centers in the CNS 
 Comparison of gene expression between amphi-
oxus and vertebrates indicates that the amphi-
oxus CNS has in place parts of the genetic 
mechanisms specifying the three organizing cen-
ters of the vertebrate CNS: anterior neural ridge 
(ANR), zona limitans intrathalamica (ZLI), and 
midbrain-hindbrain boundary (MHB) (Fig.  3.11 ). 
In vertebrates, the ANR is at the tip of the devel-
oping CNS, the ZLI is about the midpoint of the 
diencephalon, and the MHB, as the name implies, 
is between the hindbrain and midbrain. The ZLI 
and MHB separate lineage-restricted compart-
ments in the CNS. In addition, transplantation 
experiments showed that all three regions of the 
vertebrate brain function as organizers (Eagleson 
and Dempewolf  2002 ). 
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  Fig. 3.11    Expression of both dorsoventral and anterior- 
posterior patterning genes is conserved in the central nervous 
systems of  Drosophila  ( top ), amphioxus ( middle ), and verte-
brate ( bottom ).  Left : expression of dorsoventral patterning 
genes in the  Drosophila  neuroectoderm, amphioxus, and 
vertebrate nerve cords. For  Drosophila , the entire circumfer-
ence of the embryo is shown with  msh ,  ind , and  vnd , respec-
tively, expressed in lateral, intermediate, and medial columns 
of neuroblasts in the ventral ectoderm. For amphioxus and 
vertebrates, only the neural tube is shown.  Msx  is homolo-
gous to  msh ,  Gsh  to  ind , and  Nkx2  to  vnd. Right : expression 
of anterior-posterior patterning genes. The chordate equiva-

lents of the  Drosophila  Hox genes are indicated in parenthe-
ses. Boundaries in the CNSs of the amphioxus and vertebrate 
brains are the anterior neural ridge ( ANR ), zona limitans 
intrathalamica ( ZLI ), and the midbrain-hindbrain boundary 
( MHB ). In vertebrates, but perhaps not in amphioxus, these 
regions have organizer function. Hence, the vertebrate MHB 
is also called the isthmic organizer ( ISO ).  P  protocerebrum, 
 D  deuterocerebrum,  T  tritocerebrum,  MD  mandibular head 
segment,  MX  maxillary head segment,  LA  labial head seg-
ment,  VNC  ventral nerve cord,  FB  forebrain,  MB  midbrain, 
 HB  hindbrain,  SC  spinal cord,  Tel  telencephalon,  DI  dien-
cephalon,  Mes  mesencephalon (After Holland et al ( 2013 ))       
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 The vertebrate ANR is characterized by 
expression of  Dlx5 ,  FoxG1 , and  Fgf8  (Yang et al. 
 1998 ).  FoxG1  directly represses Wnt signaling in 
the anterior CNS (Danesin et al.  2009 ). Homologs 
of these three genes are also expressed at the 
anterior tip of the amphioxus CNS.  Fgf8 / 17 / 18  is 
expressed in the entire forebrain of amphioxus, 
while  Bf - 1  ( FoxG1 ),  Pax2 / 5 / 8 , and  Six3 / 6  and the 
Wnt antagonist  sFRP1 / 2 / 5  are expressed in the 
anterior- most neuroectoderm (Toresson et al. 
 1998 ; Kozmik et al.  2007 ; Yu et al.  2007 ). 
Upregulation of Wnt/β-catenin signaling sup-
presses  Otx  and eliminates expression of the 
anterior marker  FoxQ2  (Onai et al.  2009 ) indicat-
ing that suppression of Wnt/β-catenin is neces-
sary for forebrain development in amphioxus. 
 Dlx  is expressed both in the ectoderm adjacent 
the anterior tip of the amphioxus neural plate and 
in the neural plate itself as is vertebrate  Dlx5  
(Holland et al.  1996 ).  Otx  and  Pax6  are expressed 
in comparable patterns with strong expression in 
the anterior forebrain (Glardon et al.  1998 ; Castro 
et al.  2006 ). Moreover, as in vertebrates, 
 Hedgehog  is expressed in the fl oor plate and in 
the underlying notochord (Shimamura and 
Rubenstein  1997 ; Shimeld  1999 ). These expres-
sion patterns indicate that amphioxus has in place 
many of the components that pattern the verte-
brate ANR. Whether or not this region (or any 
region of the amphioxus CNS) acts as an orga-
nizer cannot be determined by classical trans-
plantation studies as the embryos at the neurula 
stage are only ~300 μm long and ~50 μm wide 
and uniformly ciliated. No one has succeeded in 
immobilizing these embryos and having them 
develop normally. Consequently, even experi-
ments juxtaposing secreted-protein-soaked beads 
would not be feasible. 

 In vertebrates, the zona limitans intrathalam-
ica (ZLI) functions as an organizer of dience-
phalic development. Organizer properties were 
demonstrated by transplantation experiments 
(reviewed in Martinez-Ferre and Martinez  2012 ). 
The vertebrate ZLI is positioned by anterior 
expression of  Otx  and  Fezf  abutting a posterior 
domain of  Irx  (Jeong et al.  2007 ; Scholpp et al. 
 2007 ). Organizer properties are conferred by Hh 
which is regulated by  Wnt8b  (Martinez-Ferre 

et al.  2013 ).  Wnt8b  expression is adjacent to a 
zone of  L - fng . Knockdown of  Fezf2  eliminates 
the prethalamus and mis-specifi es the ZLI, while 
knockdown of  Otx  inhibits expression of  Shh  at 
the ZLI and reduces expression of  Ptc1  and 
 Wnt8b  (Scholpp et al.  2007 ). Patterns of gene 
expression indicate that amphioxus probably has 
much of the genetic mechanism in place for spec-
ifi cation of the ZLI. Anterior expression of  Fezf  
abuts posterior expression of  IrxB  about the mid-
point of the amphioxus forebrain (Irimia et al. 
 2010 ) – approximately where  Wnt8  is expressed 
and where there is a zone of reduced  Otx  expres-
sion (Schubert et al.  2000 ). Moreover, the  Wnt8  
and  Fng  domains are in close proximity to one 
another and may abut (Schubert et al.  2000 ; 
Mazet and Shimeld  2003 ).  Dlx ,  Nkx2 - 2 , and  Gli , 
which mediates  Hh  signaling, are also expressed 
in this region and, as noted above,  Fgf8 / 17 / 18  is 
expressed throughout the forebrain (Holland 
et al.  1996 ,  1998 ; Shimeld et al.  2007 ). As in ver-
tebrates  Hh  is expressed in the fl oor plate at the 
neurula stage; however, it is unclear whether or 
not it is co-expressed together with  Engrailed  
and  Wnt8 . Later expression is restricted posterior 
to the forebrain (Shimeld  1999 ). Experiments to 
knock down  Fezf  function in amphioxus are fea-
sible and would help show whether  Fezf  has the 
same role in the forebrains of amphioxus and 
vertebrates. 

 The vertebrate MHB is positioned by opposi-
tion between  Otx2  expressed in the forebrain and 
midbrain and  Gbx2  expressed in the hindbrain 
(Sunmonu et al.  2011 ; Hidalgo-Sánchez et al. 
 2005 ). Cells in this region function as an orga-
nizer, since if ectopically transplanted, they will 
change the fate of neighboring cells (Wassef and 
Joyner  1997 ). Organizer properties are conferred 
on the vertebrate MHB by the secreted signaling 
factors  Fgf8  and  Wnt1  together with expression 
of the transcription factors  Pax2 / 5 / 8  and  En1 / 2 . 
Continued expression of these genes is necessary 
for maintaining the MHB (Dworkin and Jane 
 2013 ).  Xiro  ( Iroquois / Irx ) is co-expressed with 
 Otx2  and  Gbx2 . It activates the latter gene and is 
vital for induction of  FGF8  (Glavic et al.  2002 ). 
In addition, genes in the Notch/Delta signaling 
pathway are upstream of  Fgf8  at the MHB 
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(Tossell et al.  2011 ). In addition, in vertebrates, 
 En1 ,  En2 ,  Wnt1 , and  Pax2 / 5 / 8  are expressed at 
the MHB. 

 In amphioxus, all these genes except for  Wnt1  
are expressed in the CNS, and all but  Engrailed , 
 Fgf8 / 17 / 18 , and  Pax2 / 5 / 8  are expressed in pat-
terns entirely comparable to those in vertebrates. 
For example, as in vertebrates,  Otx  is expressed 
in the cerebral vesicle with a posterior limit at the 
boundary between the cerebral vesicle and hind-
brain (Williams and Holland  1996 ), while  Gbx  is 
expressed in the CNS with an anterior limit abut-
ting that of  Otx  (Castro et al.  2006 ; Holland and 
Short  2008 ).  Otx  is largely co-expressed with 
 Fgf8 / 17 / 18  at the early neurula stage (Bertrand 
et al.  2011 ). In contrast, in vertebrates,  Fgf8  is 
expressed in a ring of cells just posterior to the 
MHB. It negatively regulates  Otx2  and is vital for 
maintenance of the MHB (Sunmonu et al.  2011 ). 
These data indicate that amphioxus probably has 
a homolog of the vertebrate MHB, but it may not 
function as an organizer. 

 Taken together, these studies on amphioxus 
strongly support the idea that the common ances-
tor of amphioxus and the vertebrates had a CNS 
divided into a forebrain plus small midbrain, 
hindbrain, and spinal cord that was rostrally/cau-
dally patterned with  Dlx ,  FoxG ,  Six3 / 6 , and  Wnt  
suppressors demarcating the anterior tip of the 
CNS, abutting  Fezf  and  Irx  demarking the mid-
point of the diencephalon, and abutting  Otx  and 
 Gbx  delimiting the boundary between midbrain 
and hindbrain, with nested expression of Hox 
genes marking positions in the hindbrain. The 
amphioxus homologs of the ZLI and MHB may 
not function as organizers, but they probably 
demarcate compartment boundaries, while the 
ANR forms the boundary between the neural 
plate and the adjacent ectoderm. It may be that in 
evolution, the chordate CNS was fi rst compart-
mentalized and subsequently, as the brain grew 
much larger, tissue at these compartment bound-
aries acquired the ability to infl uence the fate of 
neighboring tissues. 

 Interpretations of data from gene expression 
studies can be reinforced by morphological data. 
For evolution of the CNS, Lacalli’s serial TEM 
studies (Fig.  3.10 ) have complemented gene 

expression. Starting at the anterior tip of a mid- 
larva of amphioxus, he serially sectioned the 
CNS and made 3D reconstructions, mapping 
each cell and its connections. He could do this 
because it is estimated that amphioxus adults 
have only about 20.000 neurons (Nicol and 
Meinertzhagen  1991 ; Lacalli et al.  1994 ; Lacalli 
 1996a ,  b ,  2002a ,  b ,  2003 ; Lacalli and Kelly  1999 , 
 2000 ,  2002 ,  2003 ; Wicht and Lacalli  2005 ). His 
studies provided evidence that the frontal eye of 
amphioxus is homologous to the paired eyes of 
vertebrates, that the lamellar body is homologous 
to the pineal, and that the infundibulum, which 
secretes an extracellular fi ber that extends poste-
riorly in the neural canal is homologous to the 
vertebrate infundibulum. All three of these char-
acters are indicative of a diencephalon (Fig.  3.10 ). 
A region at the posterior end of the cerebral vesi-
cle receives input from neurons of the frontal eye 
and was suggested as a possible homolog of the 
midbrain (Lacalli  1996a ). Motor neurons extend 
from this region into the hindbrain. TEM revealed 
similarities between the Retzius bipolar cells of 
amphioxus and the Rohon-Beard cells of verte-
brates, while midbrain-level dopaminergic and 
serotonergic neurons were found to be in roughly 
comparable places in the vertebrate CNS 
(reviewed in Wicht and Lacalli ( 2005 )). 
Moreover, there are bilateral clusters of seroto-
nergic neurons at the posterior end of the amphi-
oxus cerebral vesicle (Holland and Holland 
 1993b ), while in lamprey there are two large 
bilateral clusters, one anterior and one posterior 
near the MHB. The latter clusters are probably 
homologous to the ones in amphioxus. In addi-
tion, lampreys have a smaller cluster of seroto-
nergic neurons in the hindbrain (Antri et al. 
 2006 ). Taken together, these results indicate that 
the vertebrate brain probably evolved by amplifi -
cation and elaboration of the brain of an 
amphioxus- like ancestral chordate.  

    Dorsoventral Patterning of the CNS 
 Genes that mediate dorsoventral patterning of 
the CNS are also expressed in comparable pat-
terns in amphioxus and the vertebrates.  Nkx2  
genes are expressed ventrally,  Gsh  in an intermedi-
ate position, and  Msx  dorsally in both vertebrates 
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and amphioxus (Fig.  3.11 ; Holland et al.  1998 ; 
Sharman et al.  1999 ; Reichert and Simeone  2001 ; 
Osborne et al.  2009 ). Moreover, in both,  Shh  is 
expressed in the fl oor plate and underlying noto-
chord (Shimeld  1999 ) and  Pax3 / 7  genes are 
expressed in the roof plate (Holland et al.  1999 ; 
Lee and Jessell  1999 ). The dorsoventral arrange-
ment of cells types is also conserved between the 
amphioxus and vertebrate CNS. Lacalli ( 2002a ) 
identifi ed two columns of dorsal compartment 
motor neurons that extend from just anterior to 
the MHB and into the hindbrain (Fig.  3.10 ). 
These neurons are arranged on either side of the 
ventral midline of the neural plate roughly in line 
with the somites. This arrangement is similar to 
that of motor neurons in such diverse organisms 
as fl ies and vertebrates. However, in amphioxus 
these motor neurons, which appear to control 
slow, undulatory swimming, synapse directly 
with muscle tails that extend from the axial mus-
cles to the nerve cord (Flood  1966 ; Lacalli 
 2002a ). This arrangement appears to be unique to 
amphioxus among the chordates. Also unique to 
amphioxus is a muscular notochord, which also 
synapses directly with the nerve cord (Flood 
 1970 ,  1975b ). During development, the two col-
umns of dorsal compartment motor neurons 
express a suite of genes characteristic of develop-
ing motor neurons in other organisms. These 
genes include  Islet  (Jackman et al.  2000 ),  Mnx  
(Ferrier et al.  2001 ; Seredick et al.  2012 ),  Err  
(Bardet et al.  2005 ), and  Hox1  (Schubert et al. 
 2006 ). In late larvae, there is a second set of 
motor neurons, the ventral compartment motor 
neurons (Lacalli and Kelly  1999 ). These motor 
neurons, which are thought to innervate the deep 
fi bers involved in burst swimming, lack the regu-
lar arrangement of the dorsal compartment motor 
neurons (Lacalli and Kelly  2003 ).  

    Organization of Neurons 
in the Amphioxus and Vertebrate CNSs 
 Expression of neuropeptides and microRNAs has 
shown considerable conservation of other neuro-
nal subtypes between amphioxus and vertebrates. 
The arrangement of glycinergic neurons in the 
amphioxus CNS is very much like that in verte-
brates (Candiani et al.  2012 ).  VGlut  is expressed 

in cells of the frontal eye complex, supporting 
proposed homologies to the vertebrate retina, and 
is also expressed in dorsolateral cells in the pos-
terior forebrain which have been suggested to be 
homologous to Rohon-Beard sensory neurons 
(Jackman et al.  2000 ; Lacalli and Kelly  2003 ; 
Candiani et al.  2012 ). The distribution of glycin-
ergic neurons is also similar in amphioxus and 
vertebrates (Candiani et al.  2012 ). As already 
mentioned, clusters of serotonergic neurons are 
also similarly located in amphioxus and verte-
brates. Expression of several microRNAs has 
also been studied in amphioxus, although it is 
often diffi cult to correlate expression of particu-
lar miRNAs with particular cell types. Mir-7 is 
expressed in the frontal eye in amphioxus and in 
photoreceptors in both  Drosophila  and verte-
brates. It is also expressed in the ciliated pit in 
amphioxus, which will develop into a homolog of 
the anterior pituitary, as well as in the pituitary in 
mammals (Candiani et al.  2011 ). Altogether, the 
data from gene expression and anatomy strongly 
suggest that the ancestral chordate had a CNS 
that was regionalized along the anterior-posterior 
and dorsoventral axes into a diencephalic 
 forebrain, small midbrain, hindbrain, and spinal 
cord with a fl oor plate and a roof plate. 

 In addition to neurons identifi ed with gene 
markers, Lacalli and colleagues used TEM to 
identify numerous homologies of specifi c neu-
rons in the amphioxus and vertebrate nerve cords. 
For example, the infundibulum of the amphioxus 
and vertebrate CNS makes a similar extracellular 
fi ber (Reissner’s fi ber), the Retzius bipolar cells 
of amphioxus may be homologous to the Rohon- 
Beard cells of vertebrates, and the Rhode cells of 
amphioxus may be homologous to some of the 
reticulospinal giant cells in vertebrates (reviewed 
in Wicht and Lacalli  2005 ). Even so, most dorsal 
structures of the vertebrate CNS except for the 
pineal eye do not have an obvious counterpart in 
amphioxus (Wicht and Lacalli  2005 ).  

    Homology of Chordate and Protostome 
Nerve Cords 
 Arguments based on both gene expression and 
anatomy have also been made for homology of the 
arthropod and annelid nerve cords with chordate 
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nerve cords, implying that the ancestral bilaterian 
had a longitudinal CNS (Lichtneckert and 
Reichert  2005 ; Urbach and Technau  2008 ; 
Strausfeld  2010 ; Tomer et al.  2010 ; Strausfeld and 
Hirth  2013 ; Tosches and Arendt  2013 ; Fig.  3.11 ). 
Expression of anterior-posterior patterning genes 
(including  Otx ,  Gbx ,  Fezf ,  Irx , and Hox) is highly 
conserved between amphioxus, vertebrates, and 
arthropods (Fig.  3.11 ). However, many of these 
genes, including Hox genes, are also colinearly 
expressed in ectodermal tissues outside of the 
CNS, and, therefore, while they indicate homolo-
gous anterior-posterior patterning mechanisms, 
they do not necessarily indicate homology of the 
CNSs (reviewed in Holland et al.  2013 ). 

 Dorsoventral patterning genes are also con-
served between the  Drosophila  and chordate 
nerve cords.  Msh ,  ind , and  vnd  are the  Drosophila  
homologs of vertebrate and amphioxus  Msx , 
 Gsh , and  Nkx2 , respectively. These genes are 
expressed in the developing  Drosophila  CNS in 
the same order as in the amphioxus and verte-
brate nerve cords. The developing  Drosophila  
CNS has three anterior-posterior columns of neu-
roblasts. The lateral one expresses  Msh , the inter-
mediate one  ind , and the medial one  vnd  (Kim 
et al.  2005 ). This is precisely the same order as in 
amphioxus and vertebrates if one takes into con-
sideration that the  Drosophila  CNS is ventral and 
inverted compared to chordate CNS (Fig.  3.11 ). 
As these genes are not comparably expressed in 
ectoderm outside the CNS, their expression 
strongly argues for a single origin of the CNS in 
the ancestral bilaterian.  

    Neural Crest and Placodes 
 Amphioxus development has shed considerable 
light on the evolution of vertebrate neural crest 
and placodes. The fi rst insight into the evolution 
of neural crest was that the leading edges of the 
ectoderm that “walks” over the neural plate 
express  Distalless  (Holland et al.  1996 ). This 
indicated that in amphioxus, ectoderm compara-
ble to that giving rise to neural crest in vertebrates 
is capable of migration, although as sheets and 
not as individual cells. In vertebrates, several of 
the up to seven  Dlx  genes, depending on the spe-
cies, are expressed at the neural plate border and/

or preplacodal region (McLarren et al.  2003 ; 
Reichert et al.  2013 ). In the chick,  Dlx5  is 
involved in specifi cation of the neural plate bor-
der; it suppresses neural identity and promotes 
neural plate border/preplacodal identity 
(McLarren et al.  2003 ), while in zebrafi sh  Dlx3b  
and  Dlx4b  are expressed in the preplacodal ecto-
derm and mediate repression of BMPs (Reichert 
et al.  2013 ). Expression of other genes (e.g., 
 Pax3 /7) (Holland et al.  1999 ) at the neural plate 
border is also conserved between amphioxus and 
vertebrates as is expression of the genes that 
specify the neural plate such as  SoxB  (Holland 
et al.  2000 ; Meulemans and Bronner-Fraser 
 2004 ). 

 Importantly, however, genes that are involved 
in neural crest migration and differentiation are 
not similarly expressed in amphioxus and verte-
brates. One such gene is  FoxD . The single amphi-
oxus  FoxD  gene is expressed in mesoderm and in 
a few cells in the forebrain like several of the fi ve 
vertebrate homologs resulting from whole- 
genome duplications, but it is not expressed at the 
edges of the neural plate like vertebrate  FoxD3  
(Yu et al.  2002 ). A tissue-specifi c enhancer of 
amphioxus  FoxD  that directs expression to all the 
domains normally expressing the gene (i.e., noto-
chord, forebrain, and paraxial muscles) (Yu et al. 
 2004 ) also directs expression to comparable 
domains in the chick, but  not  to neural crest (Yu 
et al.  2008a ), indicating that after genome dupli-
cation in vertebrates,  FoxD3  acquired new regu-
latory elements directing expression to neural 
crest. In addition, the FoxD3 protein evolved a 
new motif in the N-terminus that is necessary for 
inducing differentiation of neural crest cells (Ono 
et al.  2014 ). Neither amphioxus FoxD nor other 
vertebrate FoxD proteins had this capability, but 
a chimeric protein with a 39 amino acid portion 
of zebrafi sh FoxD3 substituted for the N-terminal 
sequence of amphioxus FoxD was able to induce 
neural crest differentiation (Ono et al.  2014 ). 
These experiments demonstrated that evolution 
of neural crest in vertebrates not only required 
the recruitment of new genes into the gene net-
work at the border of the neural plate but also 
required the evolution of new protein sequences. 
It had been theorized that gene duplicates that 
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arose due to whole-genome duplications at the 
base of the vertebrates made possible the acquisi-
tion of new characters such as neural crest 
(Holland et al.  1994 ; Holland and Short  2008 ). 
These experiments have shown that this is at least 
one way that new characters evolve. 

Comparisons of the development of ectoder-
mal sensory cells in amphioxus with cells in ver-
tebrate placodes leaves little doubt that placodes 
evolved from the ectodermal sensory cells in an 
amphioxus-like ancestor. In vertebrates, the pan-
placodal region is a 100–200 μm wide strip of 
ectoderm immediately adjacent the neural plate. 
In amphioxus, the embryos are so small that the 
dorsoventral extent of the entire ectoderm outside 
the neural plate is only about 200 μm – about the 
same extent as the width of the pan-placodal 
region in vertebrates. At the early neurula stage 
in amphioxus, ectodermal sensory cells express-
ing  Hu / Elav ,  Coe , and  Delta  differentiate in the 
ventral midline of the ectoderm (Fig.  3.7A, C ; 
Satoh et al.  2001 ; Mazet et al.  2004 ; Rasmussen 
et al.  2007 ). They lose their cilia, withdraw from 
the ectoderm, and migrate dorsally underneath 
the ectoderm. Arriving at positions along the 
fl anks of the mid- neurula, the cells regrow a cil-
ium, reinsert into the ectoderm, and then grow an 
axon, which extends into the central nervous sys-
tem (CNS) (Fig.  3.7A–L ; Mazet et al.  2004 ; 
Rasmussen et al.  2007 ). The position and number 
of these cells is determined by levels of BMP sig-
naling (Fig.  3.7N–U ; Lu et al.  2012 ). Addition of 
exogenous BMP protein increases the number of 
ectodermal sensory cells and shifts their posi-
tions dorsally, essentially converting the neuroec-
toderm to sensory/cell containing ectoderm. 

 The migratory pattern and role of BMP in 
regulating the migratory behavior of these sen-
sory cell precursors in amphioxus are very like 
those of cells migrating from neurogenic plac-
odes to the cranial ganglia of vertebrate (Fig.  3.9  
Blentic et al.  2011 ; Freter et al.  2013 ) and strongly 
suggest a common evolutionary origin. Thus, the 
entire amphioxus ectoderm would be the equiva-
lent of the pan-placodal ectoderm of vertebrates. 
Even so, there are major differences between the 
ectodermal sensory cells in amphioxus and cells 
from neurogenic placodes in vertebrates indicat-

ing that considerable evolution has taken place in 
the two lineages. For example, with few excep-
tions, most amphioxus ectodermal sensory cells 
are primary neurons, sending their axonal pro-
cesses all the way into the CNS (Fig.  3.7M ; 
Lacalli and Hou  1999 ; Holland and Yu  2002 ; 
Lacalli  2004 ). In contrast, in vertebrates, except 
for neurons of the olfactory placode, placodal 
neurons are typically secondary neurons, which 
synapse with interneurons. Moreover, amphioxus 
lacks cranial ganglia, and the ectodermal sensory 
cells in amphioxus are not organized into neuro-
masts as in many vertebrate placodes (reviewed 
in Holland and Holland  2001 ; Holland  2009 ; 
Patthey et al.  2014 ; Schlosser et al.  2014 ). 

 It has also been proposed that amphioxus has 
homologs of the adenohypophyseal and olfactory 
placodes (Glardon et al.  1998 ).  Pax6 ,  Pitx2 , and 
 Islet  genes are expressed in the hypophyseal 
placode in the chick (Sjödal and Gunhaga  2008 ). 
Similarly, in amphioxus,  Pax6  is expressed 
together with  Islet  in Hatschek’s anterior left 
diverticulum of the gut, which fuses with the cili-
ated pit, which expresses  Pitx  (Glardon et al. 
 1998 ; Jackman et al.  2000 ; Yasui et al.  2000 ). At 
metamorphosis, this fused structure becomes 
Hatschek’s pit by migrating dorsal and anterior to 
the mouth. Hatschek’s pit immunostains with 
antibodies to LH-like gonadotropins and is con-
sidered homologous to the adenohypophysis of 
the vertebrate pituitary (Van Wijhe  1907 ; 
Gorbman  1999 ; Gorbman et al.  1999 ). 

 As in the vertebrate olfactory placode (Purcell 
et al.  2005 ),  Pax6  and  Six3 / 6  are expressed in the 
anterior-most ectoderm of the amphioxus neurula 
(Glardon et al.  1998 ; Holland and Holland  2001 ; 
Kozmik et al.  2007 ), while  Msx  is expressed in 
two patches of anterior ectoderm of the early larva 
(Sharman et al.  1999 ). Homologs of  Pax6  and 
 Six3 / 6  are also expressed in the olfactory placode 
in vertebrates. Amphioxus has several types of 
rostral sensory cells, most of which are primary 
neurons as are the neurons deriving from the 
olfactory placode in vertebrates (Holland and Yu 
 2002 ). It is, therefore, likely that the vertebrate 
olfactory and adenohypophyseal placodes, as well 
as the neurogenic placodes, originated from the 
anterior-most ectoderm in an ancestral chordate.   
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    Segmentation 

 Amphioxus has fi gured prominently in two 
related questions concerning the evolution of 
segmentation: (1) was the ancestral bilaterian 
segmented along the anterior-posterior axis and 
(2) are the segmental “head cavities” of agna-
thans and sharks evolutionarily related to one 
another and to the anterior segments in amphi-
oxus? In amphioxus, the somites extend to the 
anterior tip of the animal. The anterior-most 8–12 
somites segment from grooves in the dorsolateral 
mesendoderm, and the remainder segment from 
the tail bud. All of these somites give rise to par-
axial muscles. In vertebrates, all of the somites 
ultimately derive from the tail bud. Bilateral 
bands of presomitic mesoderm extend anteriorly 
from the tail bud, and somites bud off from their 
tips. Vertebrate somites extend only as far as the 
posterior hindbrain. Lampreys are a minor excep-
tion in that the anterior-most somites have ante-
rior extensions that give rise to the supraoptic and 
infraoptic muscles (Kusakabe et al.  2004 ). The 
anterior limit of somites is at the level of rhombo-
mere 7 in the hindbrain. 

 The major difference between amphioxus and 
vertebrates in segmentation of somites from the 
tail bud is that in amphioxus, the somites segment 
directly from the tail bud and not at the anterior 
end bands of presomitic mesoderm (Fig.  3.8 ). 
Even so, the genetic mechanisms for segmenta-
tion of somites from the tail bud are quite con-
served between amphioxus and vertebrates, 
indicating that the ancestral chordate probably 
segmented somites from a tail bud (Beaster-Jones 
et al.  2008 ). 

    A Segmented Bilaterian Ancestor? 
 The chief early proponent of the idea that the 
ancestor of chordates was segmented, the so- 
called annelid theory, was Anton Dohrn, who, 
however, believed that amphioxus was a degener-
ate vertebrate (Dohrn  1875 ). Hatschek agreed 
that vertebrates arose from an annelid-like ances-
tor (Hatschek  1878 ), while in a variation on the 
theme, Delsman ( 1922 ) argued that annelids gave 
rise to an amphioxus-like animal, which in turn 
gave rise to vertebrates. Others, such as Bateson 

( 1886 ) viewed segmentation in annelids and ver-
tebrates as independently evolved and proposed 
the theory that vertebrates evolved from an 
unsegmented enteropneust hemichordate. These 
ideas were largely superseded by the neoteny 
theory of Walter Garstang (Garstang and 
Garstang  1926 ; Garstang  1928 ), who proposed 
that the ancestor of the vertebrates was a sessile 
ascidian tunicate and vertebrates and amphioxus 
evolved from the larva of this animal by paedo-
morphosis. Since tunicate larval tails are not seg-
mented, this idea, which was widely accepted in 
the twentieth century, implied that segmentation 
in amphioxus and vertebrates had evolved inde-
pendently of that in protostomes (Romer  1962 ; 
Alexander  1981 ; Berrill  1987 ). However,  
EvoDevo studies starting in the late 1980s indi-
cating conserved molecular mechanisms for seg-
mentation in protostomes and deuterostomes 
revived the idea that the ancestral bilaterian was 
segmented (Balavoine and Adoutte  2003 ; De 
Robertis  2008a ,  b ; Couso  2009 ). Even so, this 
idea has been countered by the idea that homolo-
gous gene networks were independently co-opted 
for segmentation in both groups (Chipman  2010 ). 
The fi rst evidence from EvoDevo for a segmented 
bilaterian ancestor was the colinear expression of 
Hox genes along the body axis of protostomes, 
amphioxus, and vertebrates (reviewed in De 
Robertis et al. ( 1990 )). The idea gained consider-
able momentum with the fi nding that  engrailed  
is expressed in stripes in the posterior portion of 
each of the anterior-most somites of amphioxus 
as well as in the posterior portion of arthropod 
segments (Kornberg  1981 ; Fjose et al.  1985 ; 
Holland et al.  1993 ,  1997 ,  2008b ). More recently, 
additional parts of the gene networks controlling 
segmentation in arthropods and chordates have 
been shown to be conserved between amphioxus 
and arthropods including Wnt signaling and its 
segmental repression and Notch/Delta signaling 
(Holland et al.  2001 ; Minguillon et al.  2003 ; 
Damen  2007 ; Rasmussen et al.  2007 ; Yu et al. 
 2007 ; Beaster-Jones et al.  2008 ; Lynch et al. 
 2012 ; Eriksson et al.  2013 ). In addition,  engrailed  
and  Wnt  genes are segmentally expressed during 
development of the polychaete annelid 
 Platynereis  as they are in fl ies, amphioxus, and 
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vertebrates (Proud’homme et al.  2003 ). However, 
not all polychaetes are the same.  engrailed  is not 
similarly expressed in the polychaete 
 Chaetopterus  (Seaver et al.  2001 ). Taken together, 
these results have in the main supported the idea 
of a segmented bilaterian ancestor, but have far 
from settled the question (Minelli and Fusco 
 2004 ). Some have argued strongly that the same 
gene network was independently co-opted for 
segmentation in protostomes and chordates 
(Chipman  2010 ) or even among the insects (Peel 
 2008 ). The question of how much of the segmen-
tation network must be evolutionarily conserved 
in protostomes and deuterostomes to be sure that 
there was a common segmented ancestor is still 
being debated (Sanetra et al.  2005 ) and may 
never be answered to everyone’s satisfaction. 

 The molecular model explaining the mecha-
nism of somitogenesis in vertebrates has been 
termed the “clock and wavefront” model. For 
amphioxus, in the absence of bands of presomitic 
mesoderm, there is a clock without a wavefront 
(Fig.  3.8 ; Beaster-Jones et al.  2008 ). As the clock 
and wavefront operate simultaneously in verte-
brates, it has been diffi cult to determine exactly 
how the clock works. The presence of only a 
clock could make amphioxus a favorable model 
for understanding the fundamentals of somito-
genesis in chordates.  

    Evolution of Head Segmentation 
in Chordates 
 In lampreys and sharks, anterior to the unequiv-
ocal somites are head cavities with muscular 
walls. The lamprey head cavities, like the ante-
rior somites of amphioxus, form by entero-
coely (Damas  1944 ), although the shark head 
cavities form by schizocoely (Adachi and 
Kuratani  2012 ). Even so, it has been proposed 
that the head cavities of both lampreys and 
sharks evolved from the anterior somites of an 
amphioxus-like ancestor (Fig.  3.12 ; reviewed 
in Holland et al.  2008b ). Bony vertebrates do 
not have head cavities, but their extraocular 
and jaw muscles derive from head mesoderm, 
which is thought to be evolutionarily related to 
the mesoderm giving rise to the head cavities 
of the shark (reviewed in Holland et al.  2008b ). 

In fact, it has been proposed that the extraocu-
lar and jaw muscles of vertebrates evolved 
from the walls of the fi rst three myotomes of an 
amphioxus-like ancestor (Neal  1918 ). This 
idea has been hotly contested. One school of 
thought (Kuratani et al.  1998 ,  2004 ; Kusakabe 
et al.  2004 ,  2011 ; Kusakabe and Kuratani  2005 , 
 2007 ; Kuratani  2008 ; Adachi et al.  2012 ) is 
that although the lamprey head cavities and the 
anterior somites of amphioxus evolved from a 
common ancestor, the head cavities of the 
shark and the head mesoderm of other gnathos-
tomes are vertebrate innovations (Kusakabe 
and Kuratani  2007 ; Adachi et al.  2012 ). This 
argument has the problem that there are similar 
patterns of gene expression in the anterior 
somites of amphioxus, head cavities of lam-
preys and sharks, and the head muscles of bony 
gnathostomes. For example,  Engrailed  is 
expressed in the posterior wall of the anterior 
somites in amphioxus embryos; in the velar 
and upper lip muscles of the lamprey, which 
develop from the mandibular head cavity; in 
the mandibular arch in the shark; and in the jaw 
muscles of gnathostomes (Fig.  3.12 ; Hatta 
et al.  1990 ; Holland et al.  1993 ; Matsuura et al. 
 2008 ; Adachi et al.  2012 ; reviewed in Holland 
et al.  2008b ; Sambasivan et al.  2011 ). 
Moreover, one of the four lamprey  Engrailed  
genes is expressed in the ectoderm of the pha-
ryngeal arches (Matsuura et al.  2008 ), similar 
to expression of amphioxus  Engrailed  in a 
stripe in the ectoderm ventral to the fi rst somite 
(Holland et al.  1997 ).  

 The anterior somites of amphioxus and their 
ventral extensions into the pharynx also 
express  Tbx1 / 10 , as do the pharyngeal arches 
and the upper and lower lip muscles of the lam-
prey, the head mesoderm and mesoderm of the 
pharyngeal arches of the shark and the extra-
ocular muscles of bony vertebrates (Fig.  3.12 ; 
Holland et al.  2008b ; Adachi et al.  2012 ). In 
amphioxus,  Pitx  is expressed in mesoderm and 
endoderm extending ventrally into the pharynx 
anterior to the  Tbx1  domain (Yasui et al.  2000 ). 
Expression in the lamprey is similar (Boorman 
and Shimeld  2002 ) while in the shark,  Pitx  is 
expressed in the hyoid head cavity (the second 
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of three) and mandibular arch (Adachi et al. 
 2012 ). However, Kuratani et al. (2004) and 
Kusakabe and Kuratani ( 2007 ) have argued 
that similar patterns of gene expression may 
not indicate morphological homology espe-
cially in light of the enterocoelic formation of 
head cavities in lampreys and their schizocoe-
lic formation in sharks (Neal  1918 ). Although 
parts of gene networks can be co-opted for 
making nonhomologous structures (e.g., 
 Distalless  genes expressed in the tips of insect 
and vertebrate appendages), differences in the 

mode of formation (schizocoely vs. entero-
coely) of similar structures do not disprove a 
common ancestry. For example, the anterior 
(enterocoelic) and posterior (schizocoelic) 
somites of amphioxus have always been con-
sidered serially homologous as they form iden-
tical structures. Therefore, the scenario 
outlined in Fig.  3.12 , in which the anterior, 
 Engrailed - expressing  somites of amphioxus 
gave rise to the head cavities of agnathans and 
in turn to the jaw muscles of vertebrates, seems 
most likely (Holland et al.  2008b ).   

  Fig. 3.12    The evolution of head segmentation. In an 
amphioxus-like ancestral chordate, somites extend to the 
anterior tip of the larva.  Engrailed  is expressed in the pos-
terior portion of each of the anterior-most 8–12 somites. 
 Tbx1 / 10  is expressed in the ventral portions of the ante-
rior-most somites and in stripes in the ventral extensions 
of the somites that grow ventrally into the pharyngeal 
arches. In jawless vertebrates, the anterior-most somites 
of the ancestral chordate have evolved into the three head 
cavities (premandibular, mandibular, and hyoid). The 

walls of these head cavities gave rise to the velothyroideus 
muscles and mesoderm of the lips, which express 
 Engrailed. Tbx1 / 10  is expressed in the pharyngeal arches, 
in the velothyroideus muscles, and in the lip mesoderm. In 
jawed vertebrates, the mandibular arch has evolved into 
the jaw bones.  Engrailed  in expressed in several head 
muscles, namely, the dorsal oblique ( do ) and the levator 
arcus palatini ( lap );  lr  lateral rectus muscle.  Tbx1 / 10  
genes are expressed in the pharyngeal arches and in the 
lateral rectus muscle       
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    The Future of Amphioxus EvoDevo 

 EvoDevo studies of amphioxus have shown that 
amphioxus is an excellent stand-in for the ances-
tral chordate in studies of how vertebrates evolved 
from their invertebrate ancestors. This is largely 
because amphioxus is basal in the chordates and 
evolving relatively slowly as are vertebrates. In 
addition, amphioxus has a very vertebrate-like 
body plan, but it is much simpler due, at least in 
part, to its absence of whole-genome duplica-
tions. Although vertebrates lost most duplicate 
genes after the whole-genome duplications, they 
preferentially retained those in signaling path-
ways and developmental genes (Putnam et al. 
 2008 ). As has been shown for the  FoxD  genes, for 
which one of the fi ve duplicates in vertebrates 
acquired a new role in neural crest, the whole- 
genome duplications in vertebrates have allowed 
some duplicates to gain new regulatory elements 
as well as modify the protein structure in order to 
enable new functions and the evolution of new 
structures. It is highly likely that other examples 
of duplicate genes acquiring new functions and 
structures will come to light. 

 Amphioxus EvoDevo has also benefi tted from 
detailed anatomical studies – particularly the 
detailed fi ne structural studies of Lacalli and col-
leagues that reconstructed the wiring diagram of 
all neurons in the anterior CNS of the larva. 
When anatomy and gene expression patterns 
agree concerning homologies, the inferences of 
homologous structures are strengthened. It is 
when anatomy differs, even only a moderate 
amount as in the case of head cavities of lam-
preys and sharks, that inferring homologies and 
reconstructing evolutionary history can become 
quite contentious. 

 The most common defi nition of homology 
used today is “inheritance from a common 
ancestor.” That is, even if morphology has 
changed during evolution, as long as two struc-
tures evolved from a particular ancestral struc-
ture, they are homologous (Wagner  2007 ). 
Although a number of people have considered 
the extent to which conservation of gene net-
works can indicate homologies, a major question 
is how much of a gene network must be con-

served to be reasonably interpreted as a result of 
common ancestry regardless of whether it directs 
development of anatomically diverse or even 
anatomically similar structures (Holland and 
Holland  1999 ). For example, it is generally 
agreed that the ancestral insect was segmented, 
but it is controversial whether the ancestral bila-
terian or even the ancestral protostome was seg-
mented. In  Drosophila , segmentation is mediated 
by pair rule genes (e.g.,  hairy ,  even skipped , 
 paired ,  runt ,  fushi tarazu ), gap genes (e.g., 
 Knirps ,  Krüppel , hunchback), and segment-
polarity genes (e.g.,  Wnt ,  hedgehog ,  engrailed , 
 gooseberry ). However, some of these pair rule 
genes such as  even skipped  and  fushi tarazu  have 
different functions in grasshoppers  Schistocerca 
sp . (Patel et al.  1992 ; Dawes et al.  1994 ). 
Complicating the picture even more, in an ony-
chophoran,  even skipped  ( eve ) is involved in seg-
mentation, but most of the other pair rule genes 
are not (Janssen and Budd  2013 ). In contrast, 
expression of most of the segment-polarity genes 
including   hedgehog ,  Wnt , and  Engrailed  is con-
served in an onychophoran and other arthropods 
(Janssen and Budd  2013 ). Presumably this 
means that some parts of gene networks are 
more informative than others for inferring 
homology. Complicating the picture, in some 
polychaete annelids, expression of segment-
polarity genes including  Wnt  and  engrailed  is 
conserved with arthropods (Prud’homme et al. 
 2003 ), leading to the suggestion that the ances-
tral protostome was segmented and used these 
genes in segmentation. However, in two other 
polychaetes, neither  Wnt  nor  hedgehog  nor 
 engrailed  is expressed so as to suggest roles in 
segmentation (Seaver and Kaneshige  2006 ; 
Seaver et al.  2012 ), implying that mechanisms of 
segmentation in annelids and arthropods evolved 
independently (Chipman  2010 ). A further prob-
lem is that  Engrailed , the  hedgehog  mediator  Gli  
and  Wnts  and  Wnt  antagonists are expressed in 
patterns suggesting roles in segmentation in 
amphioxus (Holland et al.  1997 ; Shimeld et al. 
 2007 ; Yu et al.  2007 ). This has reinforced ideas 
that the urbilaterian was segmented (De Robertis 
 2008a ), but has not convinced the doubters 
(Chipman  2010 ). 
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 Hinman and Davidson ( 2007 ) used the term 
“kernel” to refer to the most conserved parts of 
gene regulatory networks and pointed out that 
only the core part of the gene regulatory net-
work is conserved in endoderm specifi cation in 
sea urchins and starfi sh – upstream and down-
stream parts of the network have diverged. By 
defi nition “‘kernels’ are dedicated to given 
developmental functions and are not used else-
where in development of the organism” 
(Davidson and Erwin  2006 ). The question is 
whether conservation of this core is enough to 
infer homology among different organisms. It 
may be enough when animals are fairly closely 
related such as starfi sh and sea urchins, but 
whether it suffi ces over larger phylogenetic dis-
tances is problematic. It is well known that con-
served parts of gene networks can be co-opted 
for patterning nonhomologous structures. For 
example, the gene networks involved in forma-
tion of vertebrate limbs such as  Fgf8  and  Shh  
are also involved in patterning the CNS 
(Capdevila and Belmonte  2001 ). Another exam-
ple is that while  Engrailed , hedgehog, and Wnt 
signaling sometimes go together, they don’t 
always do so. For example, while Wnt and 
hedgehog signaling cooperate in establishing 
boundaries in the vertebrate brain such as the 
zona limitans intrathalamica, all three genes 
interact in dorsal/ventral patterning of the chick 
limb (Logan et al.  1997 ). It would require a very 
large amount of dissection of gene networks to 
determine if there are truly any “kernels” that 
are restricted to homologous structures in dis-
tantly related animals and even then, if two 
structures didn’t express the entire “kernel,” one 
couldn’t be certain that they are 
nonhomologous. 

 Amphioxus would be a good organism to 
start piecing together entire gene networks in 
order to ask questions about chordate evolution. 
Since amphioxus is similar to vertebrates but 
has relatively few gene duplications, gene net-
works should be comparatively easy to eluci-
date. Species of amphioxus are maintained in 
laboratory breeding cultures and have been 
raised through several generations. There are 
techniques for knockdown and overexpression 

of genes. Genomes of several species of 
 Branchiostoma  have been sequenced and there 
is an EST analysis for  Branchiostoma fl oridae . 
The only technique yet to be developed is the 
production of germ line transgenics. However, 
given suffi cient resources and a generation time 
of about 3 months, it is probably only a matter 
of time before these resources are developed. 
Even so, as the studies on the sea urchin endo-
mesoderm gene network have shown, dissecting 
gene networks requires resources that few labs 
possess.   

    OPEN QUESTIONS 

•     Was the ancestral bilaterian segmented or did 
segmentation evolve independently in proto-
stomes and deuterostomes?  

•   Did the ancestral bilaterian have a central ner-
vous system or a nerve net or some combina-
tion of both?  

•   Virtually all aspects of organogenesis and 
gene expression in  Asymmetron.     
 Since  Asymmetron  differs from  Branchiostoma  

in several respects, particularly in left/right 
 asymmetry, EvoDevo studies may well provide 
answers for questions concerning:
•    The role of noncoding DNA in evolution of 

new genes and new functions for old genes  
•   How germ cells migrate to both sides in 

 Branchiostoma  but end up only on one side in 
 Asymmetron   

•   The genetic mechanisms controlling the posi-
tion of gill slits and other asymmetrically 
arrayed structures in cephalochordates        
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     Above all ,  perhaps ,  I am indebted to a decidedly 
vegetative ,  often beautiful ,  and generally obscure 
group of marine animals ,  both for their intrinsic 
interest and for the enjoyment I have had in search-
ing for them . N. J. Berrill (1955) 

      INTRODUCTION 

 Tunicates are a group of marine fi lter-feeding 
animals 1  that have been traditionally divided into 
three classes: (1) Appendicularia, also known as 
larvaceans because their free-swimming and 
pelagic adult stage resembles a larva; (2) 
Thaliacea, which includes three orders of free- 
swimming and pelagic adult forms with complex 
life cycles (Salpida, Pyrosomida, and Doliolida); 
and (3) Ascidiacea, colloquially referred to as sea 
squirts, 2  which is comprised of diverse sessile 
solitary and colonial species and includes some 
of the most extensively studied tunicates. It was 
mainly the ascidians that served as the inspiration 
for seminal studies in developmental biology and 
evolution conducted last century by British zool-
ogist and prolifi c writer N. J. Berrill, whose quote 
appears above. 

    Evolutionary Relationships 

 Although Tunicata is well established as a mono-
phyletic group and united by their indisputably 
synapomorphic ability to synthesize cellulose, 

1   Actually, there are specialized predatory ascidians in the 
Molgulidae and Octacnemidae families that do not fi lter 
feed but rather swallow whole crustaceans and other 
invertebrates (Tatián et al.  2011 ). 
2   The term “sea squirt” has been adopted for these ani-
mals, as seawater can be strongly propelled through the 
oral siphon upon physical perturbation. Other colloquial 
terms apply to certain species or genera (“sea peach” for 
 Halocynthia aurantium , “sea grape” for  Molgula  spp.). 
The literate translation for “sea squirt” is used in Spanish 
( chorro de mar ), Finnish ( meritupet ), Swedish 
( Sjöpungar ), or Polish (Ż achwy ); more externally descrip-
tive terms are also used, such as “sea bag” ( Sekkedyr  in 
Norwegian or  Søpunge  in Danish), “sack pipe” ( Zakpijpen  
in Dutch), or “sea sheath” or “sea vagina” ( Seescheide  in 
German). Humorous, if crude, terms abound especially in 
Portuguese, like  mija - mija  (“piss-piss”),  Maria Mijona  
(“Pissing Mary”), or  mijão  (“big pisser”). 

the phylogenetic relationships between the three 
classes and many orders and families have yet to 
be satisfactorily settled. Appendicularia, 
Thaliacea, and Ascidiacea remain broadly used 
in textbooks and scientifi c literature as the three 
classes of tunicates; however, recent molecular 
phylogenies have provided support for the mono-
phyly of only Appendicularia and Thaliacea, but 
not of Ascidiacea (Swalla et al.  2000 ; 
Tsagkogeorga et al.  2009 ; Wada  1998 ). A para-
phyletic Ascidiacea calls for a reevaluation of 
tunicate relationships. The most up-to-date phy-
logeny with a comprehensive taxonomic sam-
pling of tunicates using 18S rRNA supports three 
clades for the Tunicata (Fig.  4.1 ; Tsagkogeorga 
et al.  2009 ): (1) Appendicularia, (2) Stolidobranch 
ascidians, and (3) Aplousobranch ascidians+ 
Phlebobranch ascidians+Thaliacea. All three 
groups of the latter clade show resemblance in 
association of the gonads to the gut in concor-
dance with the Enterogona classifi cation (Perrier 
 1898 ). However, the precise position of the 
Appendicularia and the Thaliacea remains unre-
solved. Appendicularia has traditionally been 
considered to be at the base of the Tunicata (Wada 
 1998 ; Swalla et al.  2000 ), but recent molecular 
phylogenies place them as sister group to 
Stolidobranchia (Zeng et al.  2006 ; Tsagkogeorga 
et al.  2009 ). On the other hand, Thaliacea gener-
ally groups closer to Phlebobranchia than to 
Aplousobranchia using ribosomal molecular 
phylogenies (Zeng et al.  2006 ; Tsagkogeorga 
et al.  2009 ), but the low taxonomic sampling and 
a high 18S evolutionary rate of thaliaceans and 
aplousobranchs bring some uncertainty to this 
grouping. In an attempt to provide an evolution-
ary framework of the developmental mechanisms 
in Tunicata, developmental studies of several 
species of tunicates are reviewed here in a com-
parative manner with respect to our understand-
ing of tunicate relationships.  

    Relationships to Other Chordates 
 For several centuries after Linnaeus fi rst estab-
lished the classifi cation system for living organ-
isms, ascidians were grouped together based on 
adult morphological features. This group con-
tained a stereotypical adult body plan including 
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(1) a U-shaped gut delimited by an incurrent and 
an excurrent siphon, (2) a large branchial cavity 
for fi lter feeding, and (3) the tunic, a characteris-
tic mantle later discovered to be made of animal 
cellulose. Already by the turn of the nineteenth 
century, Jean-Baptiste de Lamarck realized that 
ascidians and thaliaceans could be grouped as 
Tunicata (Lamarck  1816 ). However, based 
strictly on the adult morphological features of 
solitary or colonial forms, these animals remained 
diffi cult to place in broader evolutionary animal 
groups; for example, in the mid-nineteenth cen-

tury, tunicates were grouped together with 
 ectoprocts and brachiopods within the mol-
lusks (Fig.  4.2A ) (Milne-Edwards  1843 ; Haeckel 
 1866 ). A unifi ed Tunicata as we consider them 
today was fi rst proposed by Huxley ( 1851 ), who 
included Appendicularia in the Tunicata pro-
posed by Lamarck.  

 Only after Kowalevsky had described the 
tailed larval form of ascidians (Kowalewski 
 1866 ), containing a dorsal neural tube, a typical 
chordate notochord, and lateral muscle cells, did 
zoologists begin to realize that tunicates should be 

  Fig. 4.1    Current understanding of tunicate relationships 
within the deuterostomes.  Dashed lines  represent possible 
relationships in uncertain branches (see text for details). 
Larval ( below ) and adult ( above ) forms have been 
included at each node to facilitate understanding of dis-
tinct arguments discussed in the text of the major evolu-
tionary transitions of extant clades and their ancestors (in 

 gray ). Descriptions of the most parsimonious ancestral 
characteristics are shown at every node representing pos-
sible tunicate ancestors. Cases of multiple larval or adult 
ancestral forms are separated by “or”, direct development 
(no larva) is shown by “juvenile,” and unknown forms are 
presented as a question mark (?) in a  circle        
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placed within the chordates. In the late nineteenth 
century, zoologists such as Haeckel ( 1874 ), 
Bateson ( 1884 ,     1886 ), Brooks ( 1893 ), Willey 
( 1894 ), and Garstang ( 1894 ) supported Chordata 
and Hemichordata as sister phyla based on noto-
chord-like structures as the main synapomorphy. 
Within Chordata three subphyla were recognized, 
Vertebrata, Cephalochordata, and Tunicata, which 
Lankester ( 1877 ) attempted to rename as 
Urochordata, to highlight the evolutionary impor-
tance of this character within the phylum. Because 
cephalochordates shared more morphological 
features with the vertebrates, including a meta-
meric muscle segmentation pattern, the tunicates 

were placed at the base of Chordata. Because of 
the unique body plan of adult tunicates, it was 
even proposed that they be raised to phylum status 
(Kozloff  1990 ; Cameron et al.  2000 ; Zeng and 
Swalla  2005 ). 

 At the turn of the twentieth century, zoologists 
realized that chordates, hemichordates, and echi-
noderms share a common embryological trait: the 
blastopore, the fi rst opening that forms in the gas-
trulating embryo, developed into the anus of the 
adult. Thus, they were classifi ed within the super-
phylum Deuterostomia (Grobben  1908 ), opposite 
to Protostomia, or animals whose  blastopores 
developed into the mouth instead. A  morphological 

A
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  Fig. 4.2    Historic overview of the position of Tunicata 
within the Metazoa. ( A ) View of animals relationships 
through the nineteenth century (Milne-Edwards  1843 ; 
Haeckel  1866 ), highlighting the position of the Tunicata 
as a chordate due to the presence of the notochord (in  red ). 
( B ) Popular view of animal relationships throughout the 

twentieth century with the lophophorates (Hyman  1959 ; 
Zimmer and Larwood 1973; Nielsen  2002 ) basal to the 
tunicates. ( C ) Current view using molecular phylogenies 
(Field et al.  1988 ; Cameron et al.  2000 ; Swalla et al.  2000 ; 
Winchell et al.  2002 )       
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feature that generated confusion for almost the 
entire twentieth century but that was relevant to the 
general debate of early deuterostome evolution 
was the lophophore of brachiopods, ectoprocts, 
and phoronids (see Vol. 2, Chapters   10    ,   11    , and 
  12    ), a crown-like feeding apparatus composed of 
numerous tentacles. In spite of convincing argu-
ments for nearly half a century that supported a 
monophyletic Lophophorata (those animals bear-
ing a lophophore) as being part of or closely 
related to Deuterostomia (Fig.  4.2B ; Hyman  1959 ; 
Zimmer and Larwood  1973 ; Nielsen  2002 ), 
molecular phylogenetic work contested their deu-
terostome affi nities and instead grouped them 
together with annelids, mollusks, and other diverse 
phyla in Lophotrochozoa (Halanych  2004 ; 
Helmkampf et al.  2008 ). 

 Conserved gene sequences, such as large and 
small subunit ribosomal rDNAs, were the fi rst 
molecular characters used for testing phylogenies 
of deuterostomes and other phyla (Field et al.  1988 ; 
Cameron et al.  2000 ; Swalla et al.  2000 ; Winchell 
et al.  2002 ). Additional protein-coding gene 
sequences (both mitochondrial and nuclear), intron-
exon boundaries, miRNAs, and other empirical 
evidence rendered additional support for the 

monophyly of Deuterostomia and Ambulacraria 
(Echinodermata + Hemichordata) and also resulted 
in new and previously unexplored hypothetical rela-
tionships such as the placement of  Xenoturbella  
together with acoel worms as the sister group to the 
Ambulacraria (see Vol. 1, Chapter   9     for discussion) 
or the inversion of Tunicata and Cephalochordata 
positions within Chordata (Delsuc et al.  2006 ; 
Telford and Copley  2011 ). The latter proposed rela-
tionship for Chordata suggests that Tunicata is the 
sister group to Craniata/Vertebrata within a group 
named Olfactores (reviewed in Delsuc et al.  2006 ), 
to the exclusion of Cephalochordata (Fig.  4.2C ). 
Some of the implications of this new rearrangement 
for our understanding of chordate evolution will be 
discussed in the following.  

    Tunicate and Chordate Origins 
 For nearly 200 years, zoologists have wondered 
about the origins of our own phylum, and the lit-
erature is rife with heated debates on the origins 
of chordates (Fig.  4.3 ). In this section the main 
hypotheses that have been proposed and how 
more recent views of deuterostome relationships 
have affected our understanding of the chordate 
ancestor are reviewed.  

A B

C

  Fig. 4.3    Chordate origins hypotheses. ( A ) Garstang’s 
hypothesis suggested that chordates evolved from larval 
pelagic forms; a scenario representing the evolutionary 
transition from a dipleurula-like ancestor that modifi ed 
the ciliary band into the nerve cord of the chordate larva is 
shown. ( B ) Romer hypothesized the evolution of chor-
dates from a colonial pterobranch-like ancestor; the 

ancestor eventually transitioned to a free-living life his-
tory and modifi ed the tentacles into gills. ( C ) Wada’s 
hypothesis was formulated according to the phylogenetic 
understanding of chordate relationships by the turn of the 
century; the basal position of the larvaceans among the 
tunicates and the paraphyly of ascidians suggested an 
ancestor with both a pelagic larva and adult       
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  Garstang Hypothesis  ( 1928 ): Walter Garstang 
proposed that chordates evolved through a series 
of modifi cations to the ancestral larva, indepen-
dently from changes in the adult form (Fig.  4.3A ), 
and therefore retraced the evolutionary steps 
back in time starting from (1) a permanently free- 
swimming chordate larva to (2) a protochordate- 
like larva (i.e., cephalochordate or ascidian), to 
(3) a tornaria-like larva (i.e., hemichordate), to 
(4) an auricularia-like larva (i.e., echinoderm). 
From this ancestral reconstruction, it may be 
extrapolated that the free-swimming larval and 
adult stages of Craniata/Vertebrata as well as 
Cephalochordata evolved from an ascidian-like 
ancestor that suppressed metamorphosis. The lat-
ter, in turn, evolved from plankton-feeding ben-
thic organisms (similar to extant hemichordates 
and echinoderms) with external ciliated tentacles 
and food groves that contained pelagic larvae 
(tornaria and auricularia, respectively) (reviewed 
in Berrill  1955 ; Brown et al.  2008 ). Garstang also 
observed similarities between the development of 
the neural tube and endostyle (i.e., the thyroid 
gland precursor; see Metamorphosis section 
below for more details) of chordate larvae and the 
formation of the circumoral and adoral ciliary 
bands of echinoderm larvae. He assumed these 
processes were homologous, which would sup-
port his hypothesis. However, expression patterns 
of several key developmental genes in the echi-
noderm larva do not resemble the expected 
expression patterns of either invertebrate or ver-
tebrate embryos and generally show echinoderm- 
specifi c patterns. These results have caused some 
diffi culties in inferring homologies between 
chordate and echinoderm larvae and have been 
used to support the view of a secondarily acquired 
indirect-developing larva in the Ambulacraria 
(Echinodermata + Hemichordata) (reviewed in 
Swalla  2006 ; Brown et al.  2008 ). 

 Garstang was highly infl uenced at the time 
by work and ideas previously developed by 
Arthur Willey ( 1894 ). Willey had already noted 
that larval forms could recapitulate ancestral 
forms since the discovery of the chordate nature 
of the ascidian larva (Kowalewski  1866 ) and 
had also proposed the close relationship of the 
hemichordates and echinoderms due to the simi-

larities of the tornaria and auricularia larvae. 
Ideas of recapitulation prevailed in the nine-
teenth century (Haeckel  1869 ) and set the stage 
for twentieth century ideas of heterochrony in 
development as an important factor in the evolu-
tion of animals. 

  Romer Hypothesis  ( 1967 ): Alfred Romer was 
a vertebrate paleontologist and comparative 
morphologist who came to address the question 
of chordate evolution from a vertebrate point of 
view (Fig.  4.3B ). In his hypothesis, two major 
evolutionary novelties were necessary for the 
evolution of the chordate body plan: (1) the evo-
lution of pharyngeal slits from feeding tentacles 
(lophophores) and (2) the evolution of a free- 
living stage in the life cycle of an ancestral 
 sessile, fi lter-feeding organism. As Romer 
explained in his departing American Association 
for the Advancement of Science (AAAS) presi-
dential address published in Science ( 1967 ): 
“Instead of passively waiting for food to come 
to it, the animal could go in search of food and 
could explore new areas or new habitats in 
which it might exist,” thus leading to the evolu-
tion of the cephalochordates and the vertebrates. 
A recurrent idea previously postulated by 
Garstang was that of a pedomorphic event in an 
ancestral ascidian-like larva that evolved into a 
free-living form in the cephalochordate and cra-
niate/vertebrate ancestor. 

 The Romer hypothesis of chordate evolution 
became popular in the twentieth century and pre-
vailed in many Zoology textbooks. Phylogenies at 
the time supported the pterobranchs and crinoids 
at the base of Deuterostomia, with the lophopho-
rates as the sister group to the deuterostomes. 
However, phylogenetic data no longer support 
this hypothesis (Fig.  4.3B ), and the sessile ptero-
branchs are likely derived from a free- living 
wormlike ancestor within the hemichordates 
(Fig.  4.1 ; Brown et al.  2008 ). 

  Wada Hypothesis  (Wada  1998 ): Based on phy-
logenetic understanding of Tunicata relationships 
using 18S rDNA, Hiroshi Wada proposed a 
pelagic free-living ancestor of the chordates. The 
relationship generally accepted at the time was as 
follows: Cephalochordates were the sister taxon 
to the Craniata/Vertebrata; larvaceans were at the 
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base of the tunicates; ascidians were shown to be 
paraphyletic (Fig.  4.3C ). Therefore, the most par-
simonious reconstruction scenario of the chor-
date ancestor was that of a pelagic noncolonial 
and indirect-developing free-swimming form 
resembling the life cycles of lampreys, cephalo-
chordates, and larvaceans that were placed at the 
base of the Tunicata. Since then, phylogenetic 
relationships of the chordates have gained from 
new analysis methods, additional gene sequences, 
and new genomes and transcriptomes that have 
substantially changed our view of tunicate rela-
tionships. In particular, a new placement of 
Tunicata as sister group of the Craniata/Vertebrata 
and genome-wide sequence analyses and devel-
opmental studies in larvaceans have begun to 
change our views of chordate ancestry. These 
will be discussed next. 

  The Wormlike or Vermiform Deuterostome 
Ancestor Hypothesis : Although references to a 
wormlike ancestor of the chordates date back to 
A. Willey ( 1894 ), 3  later work by morphologists 
focused mostly on macroevolutionary recon-
structions based solely on ancestral pelagic larval 
forms (Garstang  1928 ; Nielsen  1995 ). Only 
recently has this hypothesis been revisited, thanks 
to recent developmental studies and a new under-
standing of deuterostome relationships. More 
specifi cally, gene expression patterns have 
emerged as new characters that can be evaluated 
as shared novelties (synapomorphies) among the 
various groups within the deuterostomes (Nielsen 
 1995 ; Cameron et al.  2000 ; Wicht and Lacalli 
 2005 ; Gudo and Syed  2008 ). 

 The vermiform ancestor hypothesis postulates 
that chordates and deuterostomes evolved from a 
solitary, sexually reproducing, free-living worm-
like ancestor with pharyngeal slits, i.e., similar to 
an enteropneust worm (Fig.  4.1 ; Cameron et al. 
 2000 ; Gerhart et al.  2005 ; Brown et al.  2008 ). 
Initially, a benthic vermiform deuterostome 
ancestor with a pelagic dipleurula-like larva, 

3   A. Willey wrote in his treaty on “Amphioxus and the 
Ancestry of the Vertebrates” ( 1894 ): “The ultimate or pri-
mordial ancestor of the vertebrates would, on the contrary, 
be a wormlike animal whose organization was approxi-
mately on a level with that of the bilateral ancestors of the 
Echinoderms.” 

termed the “notoneuron,” was discussed by 
Nielsen ( 1995 ) in his Trochaea hypothesis. 
However, the evolutionary sequence that gave 
rise to the notoneuron assumed the existence of 
ancestral holopelagic forms, which very much 
resembles the recapitulation hypothesis of the 
nineteenth century (Fig.  4.3A ; Haeckel  1869 ; 
reviewed in Garstang  1928 ; Collins and Valentine 
 2001 ). 

 In contrast to the previous hypotheses, the 
most complete and parsimonious scenario based 
on current phylogenetic evidence (Fig.  4.1 ) is 
presented here. Within the Chordata, three hypo-
thetical ancestors are discussed: chordate, olfac-
torean (tunicate + vertebrate), and tunicate. 

  The chordate and olfactorean ancestors  may 
be assumed as being very similar in development 
and form: indirect-developing vermiform organ-
isms with gill slits, dorsal neural tube, notochord, 
and a pigmented sensory organ throughout all 
stages of their life cycle (Fig.  4.1 ). Whether the 
adult of the olfactorean ancestor was pelagic or 
benthic is diffi cult to predict with confi dence, but 
the chordate ancestor was very likely benthic, 
with a lifestyle resembling that of the cephalo-
chordate adult. This view can be supported as 
cephalochordates are now placed basal to 
Olfactores. The parsimonious conclusion is that 
the olfactorean ancestor was also benthic. 

  The tunicate ancestor  was likely an indirect 
developer that had a pelagic free-swimming larva 
with a notochord, a dorsal neural tube, and asym-
metric pigmented sensory organs, traits that are 
found in most tunicate clades (Fig.  4.1 ). This 
ancestral larva probably did not have any gills, as 
most larvae in extant tunicates do not develop or 
utilize their gills until after metamorphosis. Due 
to the unresolved phylogenetic positions of 
Appendicularia, Thaliacea, and several species of 
phlebobranch and aplousobranch ascidians, there 
are few confi dent predictions we can make on the 
adult form of the tunicate ancestor, other than to 
say it was likely a fi lter feeder. While the fi rst 
tunicate ancestor was likely very similar to its 
vermiform olfactorean forebear, we cannot rule 
out a scenario in which the transition to sessility 
occurred in the stem leading to the last common 
ancestor of all extant tunicates.   
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    Historical Milestones of Tunicate 
Developmental Biology 

 The chordate nature of ascidians was fi rst recog-
nized by Russian zoologist Alexander 
Kowalevsky ( 1866 ). He generated detailed 
descriptions of embryogenesis and the anatomy 
and general organization of the chordate larva in 
two species of ascidians,  Phallusia mammillata  
and  Ciona intestinalis . As mentioned above, his 
original descriptions suggested that these animals 
were closer to the vertebrates rather than to their 
previous classifi cation as mollusks. His discov-
ery set the stage for renewed discussions of the 
centuries-old questions about the evolution of 
animal form (Raff and Love  2004 ). 

 Kowalevsky’s careful anatomical descriptions 
of the ascidian embryo and larva served as one of 
the inspirations for an attempt to unravel the evo-
lutionary history of animals by analyzing the fea-
tures that appeared transiently during particular 
developmental stages. The ascidian embryo was 

thus held up in support of a recapitulatory view of 
evolution. Although such views have been largely 
superseded, it is imperative to contextualize 
them. At that time, these studies were among the 
fi rst to suggest that the development of an organ-
ism could reveal information about its evolution-
ary origins. A modern-day analogy would be the 
“hidden” evolutionary history that is stored in 
morphogenesis as well as the genes and genomes 
of organisms, which has revolutionized our 
understanding of phylogeny and evolution in the 
last decades. 

 Near the end of the nineteenth century, the 
French embryologist Laurent Chabry, working on 
 Ascidiella aspersa , performed the fi rst experiments 
on animal embryos at the single-cell level, manipu-
lating individual blastomeres with the microma-
nipulator he had invented and built himself 
(Fig.  4.4A ; Chabry  1887 ; reviewed in Fischer 
 1992 ; Sander and Fischer  1992 ). This was a radi-
cally new approach at the time and generated much 
discussion in those days of wildly differing theories 

A B C

  Fig. 4.4    Classic works of ascidian embryology. ( A )  Top : 
Laurent Chabry’s micromanipulator, of his own invention 
and construction.  Bottom row : some of the “monsters” 
(damaged or naturally defective embryos) whose abnor-
mal development he characterized. The illustrations are 
from his thesis (Chabry  1887 ). ( B ) Illustrations by 
Conklin of a  Styela canopus  embryo, showcasing two of 
his greatest discoveries: the posterior vegetal myoplasm, 

or “organ-forming substance” (Conklin  1905a ), and the 
invariant cell lineages of the early embryo (Conklin 
 1905b ). ( C ) Conklin’s illustrations of the embryos whose 
blastomeres he managed to damage through swirling or 
suction. His documentation of these half or quarter 
embryos helped establish a role for mosaic, as opposed to 
regulative, mechanisms of cell fate specifi cation (Conklin 
 1905c )       
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on the very essence of embryogenesis. Chabry’s 
work was eagerly followed up by other luminaries 
of those early days of experimental embryology, 
such as Roux, Driesch, Spemann, and Mangold.  

 In the history of ascidian embryology, we 
skip some 20 years forward to describe the work 
of American embryologist Edwin G. Conklin, 
who conducted both detailed descriptive and 
ingenious experimental research on the ascidian 
embryo. At the Marine Biological Laboratories 
at Woods Hole, Conklin used a local species, 
 Styela canopus , 4  to ask basic questions about 
cell fates during embryonic development. This 
species was particularly suited for this line of 
inquiry because its eggs contained a naturally 
occurring yellow- orange pigment in the cyto-
plasm that became progressively restricted after 
each round of cell division until it was ultimately 
inherited by the larval muscles (Fig.  4.4B ). 
Conklin therefore hypothesized, correctly, that 
this cytoplasm contained an “organ-forming 
substance” that was suffi cient and necessary for 
larval muscle specifi cation and differentiation 
(Conklin  1905a ). 

 The cellular simplicity of the ascidian embryo 
also allowed Conklin to follow embryonic cells 
during development up to their fi nal fate. The cell 
lineages he described for  Styela  became the most 
complete embryonic lineage mapping ever done 
for any animal at the time (Conklin  1905b ). 
Moreover, he could manipulate early embryos en 
masse by spurting and shaking and assess the 
results of injuring particular blastomeres in this 
way (Conklin  1905c ). This allowed him to dem-
onstrate the highly deterministic mode of devel-
opment of ascidians, which contrasted abruptly 
with the highly regulative mode of development 
that was discovered in sea urchins around the 
same time (Fig.  4.4C ). He called this highly 
deterministic mode of development in ascidians 

4   There appears to be some confusion as to which species 
was originally used in Conklin’s experiments. Although 
in his original studies the species was named as  Cynthia  
( Styela )  partita , this name is no longer valid, having been 
synonymized with  Styela canopus . However, the ecologi-
cally dominant  Styela  species around Woods Hole nowa-
days is the invasive  S. clava . 

“mosaic.” He and others also noted similar pat-
terns of embryogenesis and highly stereotypical 
cell numbers and lineages in embryos of other 
species of solitary ascidians. This was followed 
by several decades of comparative works describ-
ing the diversity and evolution of developmental 
modes found in ascidians and tunicates, most 
notably by Berrill ( 1930 ,  1931 ,  1932 ,  1935a ,  b , 
 1936 ,  1947a ,  b ,  c ,  1948a ,  b ,  c ,  d ,  e ,  1950a ,  b , 
 1951 ). 

 As the broader fi eld of developmental genet-
ics matured and incorporated the techniques and 
approaches of molecular biology and genomics, 
ascidian embryogenesis quickly came to be 
understood and interpreted in the light of gene 
expression and function. Gone were the sectar-
ian squabbles of regulative vs. mosaic develop-
ment: conserved intercellular signaling pathways 
were found to regulate the induction of the 
majority of cell fates in the ascidian embryo. A 
new picture emerged, in which mechanisms of 
“mosaic” development (e.g., localized maternal 
determinants) critically set the stage for the intri-
cate and invariant unfolding of events that none-
theless require the constant instructions and 
affi rmations of cell-cell communication, until all 
progenitors are specifi ed and their derivatives 
fully differentiated. 

 Many of the fi rst discoveries in this new 
molecular age of ascidian biology were achieved 
by researchers working on  Halocynthia roretzi , 
but  Ciona intestinalis  quickly rose to promi-
nence 5  when its genome was sequenced in 2002 
(Dehal et al.  2002 ). Researchers working on 
ascidians were privileged to be among the fi rst to 
lay eyes on the genomic underpinnings of animal 
development, as  C. intestinalis  was only the sev-
enth animal to have its genome sequenced at the 
time. The adaptation of an electroporation-based 
high-throughput transgenesis protocol also 
boosted the popularity of  C. intestinalis  among 
developmental biologists (Corbo et al.  1997 ). 

5   There are approximately 70 laboratories in the world cur-
rently using  Ciona  as a model species; for further infor-
mation on  Ciona  and other ascidian online resources, visit 
 http://www.aniseed.cnrs.fr/aniseed/ . 

4 Tunicata

http://www.aniseed.cnrs.fr/aniseed/


144

 Tunicata: Experimental Models for EvoDevo 

Research 

 There has been a variety of work on many dif-
ferent species representing all orders in the 
Tunicata, and it is with some injustice that the 
four species below have been highlighted above 
all the others, solely based on the relative 
importance attached to them by a handful of 
bipedal terrestrial olfactoreans. However, they 
represent a good sampling of different traits, 
historical backgrounds, and other points of 
interest to the experimentalist. 

  Ciona intestinalis  ( Linnaeus ,  1767 ), like its 
close relative  C. savignyi , is a rather unspe-
cialized solitary phlebobranch ascidian. A 
common invasive species in temperate waters 
around the globe, it is easily obtainable from 
the wild. In fact, this was the major reason  C. 
intestinalis  gained traction with developmen-
tal biologists (culminating in the sequencing 
of its genome in 2002): researchers in Japan, 
North America, and Northern and Southern 
Europe could work on the same species… or 
so they thought! It is now understood that the 
same name has been used for two closely 
related but genetically distinct and reproduc-
tively isolated species, currently referred to as 
“Type A” and “Type B.” The  Ciona  commu-
nity awaits offi cial publication of the bomb-
shell revelation (Lucia Manni, personal 
communication) that the specimen originally 
described by Linnaeus, and thus the specifi c 
epithet  intestinalis , most likely belonged to 
the “Type B” species of Northern Europe. 
This would mean that the “Type A,” studied 
by the majority of labs around the world, actu-
ally corresponds to  Ciona robusta , currently a 
junior synonym that nonetheless describes the 
type specimen for “Type A.” 

  Halocynthia roretzi  ( Drasche ,  1884 ), also 
known as the sea pineapple, is a prized culi-
nary delicacy in parts of Japan and Korea. A 
large solitary stolidobranch ascidian, its eggs 
and larvae are roughly twice as large as those 
of  Ciona  spp., but develop according to the 
same cell lineages, with roughly the same 

number of cells as  Ciona  and other smaller 
solitary species. Many of the modern-day 
classics in ascidian developmental biology 
were performed on  H. roretzi  by Hiroki 
Nishida in Japan. However, its limited distri-
bution has prevented its adoption as a model 
organism by researchers outside East Asia. 
Other obstacles to widespread use as a model 
organism include its inaptitude for the elec-
troporation protocol so useful for transient 
transfections in  Ciona , and deadly outbreaks 
of the insidious soft tunic syndrome disease 
(caused by a species of kinetoplastid fl agel-
late) among sea pineapples under intense cul-
tivation. However, important insights into 
developmental biology continue to be regu-
larly generated by work on this venerable 
model, and the community eagerly awaits the 
results of the ongoing efforts to sequence and 
annotate its genome and that of its North 
American close relative, the sea peach 
 Halocynthia aurantium . 

  Botryllus schlosseri  ( Pallas ,  1766 ) is the 
leading model colonial species. Research 
in  Botryllus schlosseri  has focused mainly 
in the study of budding, i.e., blastogenesis, 
and in studies of self- and nonself recogni-
tion of adult colonies. Also known as the 
star tunicate due to the star- shaped arrange-
ment of individual zooids within the colony, 
 B. schlosseri  develops synchronously and 
undergoes weekly developmental cycles that 
generate new zooids at the same time as old 
zooids regress. A relatively fast turnover of 
zooids and simplicity in the maintenance of 
colonies in the laboratory have made this 
species a suitable model organism for stud-
ies on stem cells, differentiation, apoptosis, 
and sexual vs. asexual development. Stages 
of blastogenic development were described 
by Sabbadin as well as Watanabe, and its 
complete genome was fi nally published in 
2013. Upon contact of two adult colonies, 
an allorecognition reaction occurs, which 
results in either fusion of the colonies form-
ing a larger chimeric colony (parabiont) or 
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  Soon thereafter the genome of the related  Ciona 
savignyi  was sequenced (Vinson et al.  2005 ; Small 
et al.  2007 ). This was followed by the genome 
sequence of the larvacean  Oikopleura dioica  
(Denoeud et al.  2010 ) and the colonial stolido-
branch ascidian  Botryllus schlosseri  (Voskoboynik 
et al.  2013 ), which was already the established 
colonial tunicate model for studies on blastogene-
sis and histocompatibility. Other tunicate genomes 
currently in the sequencing pipeline include those 
of the phlebobranch ascidians  Phallusia mammil-
lata ,  Phallusia fumigata  (Tassy et al.  2010 ; Roure 
et al.  2014 ), and  Didemnum vexillum  (Abbott et al. 
 2011 ; Stefaniak et al.  2012 ), as well as the stolido-
branch ascidians  Halocynthia roretzi ,  Halocynthia 
aurantium  (Tassy et al.  2010 ),  Molgula occulta , 
 Molgula oculata , and  Molgula occidentalis  (Stolfi  
et al.  2014 ). 

 Tunicate genomes are rapidly evolving 
(Denoeud et al.  2010 ; Tsagkogeorga et al.  2012 ) 
and quite compact relative to the genomes of 
their sister taxa, the vertebrates. The  Ciona  
genomes are approx. 150–170 Mb in length, 
while the  Oikopleura dioica  genome is the 
smallest chordate genome sequenced to date, at 
70 Mb. The  Botryllus schlosseri  genome is the 
largest tunicate genome sequenced thus far, at an 
estimated 580 Mb. The sizes of the tunicate 
genomes currently being sequenced appear to 
fall somewhere in the range of those already 
sequenced. Protein-coding genes are estimated 
to number between 15.000 in  Ciona  and 
27.000 in  Botryllus . 

 Thanks to the  Ciona intestinalis  sequencing 
efforts, a large amount of gene expression data 
has been generated for this species, including 
spatiotemporal expression pattern profi les for the 
vast majority of the approx. 700 transcriptional 
regulators (i.e., sequence-specifi c transcription 
factors and major cell signaling molecules) dur-
ing embryonic development (Satou et al.  2001 , 
 2002 ,  2003 ; Kusakabe et al.  2002 ; Mochizuki 
et al.  2003 ; Imai et al.  2004 ). Concurrent to the 
genomic revolution, the adaptation and refi ne-
ment of techniques for molecular manipulation 
of ascidian embryos (Corbo et al.  1997 ; reviewed 
in Stolfi  and Christiaen  2012 ; Treen et al.  2014 ) 
have allowed researchers to characterize the 
functions of many developmentally important 
genes in ascidians in quite some detail. The ease 
of manipulation of great numbers of synchro-
nized embryos allows for large-scale analyses of 
gene function, a prime example of which was the 
construction of a provisional “blueprint” of regu-
latory networks at single-cell resolution for every 
cell of the  C. intestinalis  early embryo and larval 
nervous system (Fig.  4.5 ; Imai et al.  2006 ,  2009 ).    

    EARLY DEVELOPMENT 

 Tunicate development is marked by the contrast 
between the simple and the complex and between 
the conservative and the innovative. We use the 
ascidian embryo as a starting point for under-
standing the development of tunicates as a group, 

rejection of the two colonies, revealing a 
histocompatibility locus with important evo-
lutionary implications for the evolution of 
adaptive immunity of vertebrates. 

  Oikopleura dioica  ( Fol ,  1872 ) is an emerg-
ing model organism for larvacean biology. 
Their small size and rapid generation cycle 
mean they have to be cultured in suspensions 
of large numbers of individuals. Nonetheless, 
this allows for inland culturing of different 

strains, enabling classical genetic analyses. 
Furthermore, the female germ line and ovary 
develop as a single, multinucleated syncytium 
called a coenocyst, allowing for targeted 
genetic manipulations in ovo by injecting the 
coenocyst. Larvaceans hold many of the keys 
to understanding the evolution of tunicates 
and chordates, and work on  O. dioica  will fi g-
ure heavily into understanding the biology of 
these amazing creatures. 
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as phylogenetic and embryological evidence sug-
gest all extant tunicates descend from an ascidian- 
like common ancestor. Much is known about 

the early development of ascidians, which have 
been the intense focus of over 100 years’ worth 
of developmental genetic studies. The vast 

A

B

  Fig. 4.5    Example of cell-specifi c gene regulatory net-
works in  Ciona intestinalis . ( A ) Circuit diagram of overall 
regulatory connections between a subset of regulatory 
genes (transcription factors and intercellular signaling 
pathway components) expressed in the developing central 
nervous system of the  Ciona intestinalis  larva. ( B ) Cell-

specifi c circuit diagrams of regulatory connections oper-
ating in selected cells of the posterior sensory vesicle 
(A11.64), neck (A11.62), motor ganglion (A11.118), and 
nerve cord (A11.116) (Figures adapted with permission of 
the authors from Imai et al. ( 2009 ))       
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 knowledge on the subject generated over the 
years can only be done justice by an extended 
format review, as has been elegantly done most 
recently by Satoh ( 2013 ). Here, we attempt to 
summarize a summary of what is known. 

 The ascidian life cycle may be separated into 
three or four important developmental periods: 
(1) embryogenesis (i.e., the formation of the 
larva), (2) larval development (i.e., settlement 
and metamorphosis), (3) growth and maturation 
(i.e., transition from juvenile to sexually mature 
adult), and (4), only for colonial species, blasto-
genesis (i.e., development of asexually propa-
gated clonal generations). Considerable 
interspecifi c variation is found in egg/embryo 
size, reproductive strategies, and adult zooidal 
size (Fig.  4.6 ). The relative timing of the different 
stages of the ascidian life cycle also varies sub-
stantially from species to species, which high-
lights the importance of heterochrony and 
modularity in the evolution of developmental 
processes.  

    The Ascidian Embryo 

 Although ascidian embryos are greatly reduced 
in cell number and highly derived relative to ver-
tebrates in strategies for cell fate specifi cation, 
they are profoundly steeped in their chordate 
pedigree, as evidenced by highly conserved 
chordate- specifi c embryonic fate maps and gene 
regulatory networks. Within the ascidians, one 
fi nds great variation in the mode of development: 
viviparity, asexual reproduction, direct develop-
ment, and adultation, i.e., the precocious differ-
entiation of adult structures prior to hatching of 
the swimming larva. However, even distantly 
related ascidians share the same streamlined, 
invariant embryonic cell lineages. Therefore, 
phylogenetic evidence suggests that the simple, 
solitary ascidian embryo likely represents the 
ancestral condition and that all the other strik-
ingly different modes are variations on this basic 
theme. 

 Embryonic development has been character-
ized in great detail in a number of indirectly 
developing, solitary ascidian species (reviewed 

in Lemaire  2009 ,  2011 ). In all species, the 
bilaterally symmetric embryos develop in an 
invariant manner, and cell division rates are 
tightly regulated. Unlike certain species of 
nematodes in which apoptosis, or programmed 
cell death, plays a large role in development by 
culling unused cells, there is no evidence that 
apoptosis is involved in normal embryogenesis 
in ascidians. All the cells that are born during 
the development of a typical ascidian embryo 
seem to be accounted for upon hatching (Hotta 
et al.  2007 ). 

 Quite remarkably, embryogenesis of the vari-
ous solitary ascidians is perfectly conserved at 
least up until the neurula stage (and probably 
well beyond that) as far as cell lineages, divi-
sions, and arrangements are concerned. The 
embryos may differ in size, developmental rate, 
and even gene expression, but there is a 1:1 cor-
respondence between each and every cell in 
 Ciona intestinalis  and  Molgula occidentalis  gas-
trula embryos, in spite of the estimated 500 mil-
lion years of evolutionary divergence between 
the two species (Fig.  4.7 ).  

 That species on opposite branches of the tuni-
cate phylogeny have the same exact cell lineages 
would seem to imply that genetically they must be 
very conservative as well and that the  cis - 
regulatory  elements (or “enhancers”) orchestrat-
ing the gene regulatory networks responsible for 
embryonic development must be highly con-
served. In fact, the exact opposite is true. There is 
virtually no conservation between  Ciona intesti-
nalis  and  Halocynthia roretzi  noncoding 
sequences (Oda-Ishii et al.  2005 ) nor between 
certain congeneric species, like  Molgula occiden-
talis  and  Molgula oculata  (Stolfi  et al.  2014 ). This 
is consistent with the observations that the 
genomes of ascidians, and tunicates as a whole, 
are rapidly evolving (Seo et al.  2001 ; Tsagkogeorga 
et al.  2012 ). In some cases, a lack of sequence 
conservation does not necessarily imply divergent 
regulatory mechanisms, as some enhancers are 
fully compatible in cross-species transgenic 
assays (Johnson et al.  2004 ; Oda-Ishii et al.  2005 ; 
Roure et al.  2014 ). However, there is mounting 
evidence for great variation in  regulatory strate-
gies controlling identical  developmental  processes 
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A B
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E F

  Fig. 4.6    Two styelid ascidians with different life histo-
ries: solitary  Boltenia villosa  ( A ,  B ) and colonial 
 Botrylloides violaceus  ( C – F ). ( A )  B. villosa  orange soli-
tary larva shows chordate features including the notochord 
( no ) and the dorsal nerve cord ( nc ); these larvae present 
light and gravity sensing organs, i.e., ocellus ( oc ) and oto-
lith ( ot ). Palps or adhesive papillae can be seen in the ante-
rior (left). ( B ) An adult  Boltenia villosa  “hitchin’ a ride” on 
a  Chlamys  scallop at Friday Harbor Laboratories. ( C )  B. 
violaceus  larva also shows the characteristic chordate fea-
tures in the tail, i.e., notochord ( no ) and nerve cord ( nc ), as 
well as a single sensory organ in the head that serves for 

light and gravity sensing, i.e., photolith ( ph ), and anterior 
protrusions known as ampullae ( am ). ( D ) Anterior magni-
fi ed view of  B. violaceus  larval head, which shows the 
prominent ampullae and some pigmented cells before set-
tlement of the larva. ( E ) The oozoid with open oral ( os ) 
and atrial ( as ) siphons after settlement shows lateral buds 
that will develop into the next asexual generation of blasto-
zooids; note extended ampullae around the edges of the 
newly settled colony. ( F ) Magnifi cation of a  B. violaceus  
colony shows the oral openings of each zooid and the com-
mon cloacal aperture ( c ) that allows internal visualization 
of branchial sacs (Courtesy of J. Greer)       
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in distantly related ascidians 6  (Takahashi et al. 
 1999 ; Hudson et al.  2007 ,  2013 ; Tokuoka et al. 
 2007 ; Takatori et al.  2010 ). 

 This remarkably minimalist embryo must 
have evolved at a bottleneck – the last common 
ancestor of all extant ascidians and possibly all 
extant tunicates. However, the incredible deriva-
tions seen in the more unusual ascidian embryos 
demonstrate that, far from being an evolutionary 
dead end, the simplifi ed ascidian embryo has 
been elaborated and reconfi gured many times 
over. Later we will discuss the exceptional exam-
ples of derivation from this typical embryo and 
their impact on our understanding of the evolu-
tion of tunicate development. For now, it is this 

6   Both examples given above are referred to as develop-
mental system drift or DSD (see Vol. 1, Chapter   1    ) This 
refers to the divergence in molecular mechanisms govern-
ing the development of identical homologous characters 
in different species (True and Haag 2001). As outlined 
above, this can refer to the divergence in primary nucleo-
tide sequence of orthologous enhancers that are function-
ally interchangeable in cross-species transgenic assays but 
also to the  functional  divergence of orthologous enhancers 
that do not drive identical gene expression patterns in their 
respective species of origin but are not interchangeable in 
cross-species assays. 

“typical” solitary ascidian embryo that will serve 
heavily as a reference for the general description 
of embryogenesis in this chapter, as it has been 
the workhorse of most genetic and molecular 
studies in the tunicates.  

    The Typical Ascidian Larva 

 Before describing the embryonic development of 
ascidians, it is crucial to explain its end product: 
the typical solitary ascidian larva. The chordate 
nature of ascidians is most obvious during the 
larval stage (Figs.  4.6 ,  4.7 , and  4.8 ). The ascidian 
larva is roughly divided into two parts, frequently 
but misleadingly termed the “trunk” and the 
“tail.” The former is mostly composed of the 
anterior central nervous system (CNS), periph-
eral nervous system (PNS), and undifferentiated 
mesoderm and endoderm. From this mesodermal 
component are derived the adult branchiomeric 
muscles, heart, blood, tunic cells, and other cell 
types. The endoderm gives rise to the pharyngeal 
gill slits (later, the branchial basket), the endo-
style, and the anterior digestive tract. Given the 
homology of these tissues and progenitor types to 

  Fig. 4.7    Comparison of  Molgula occidentalis  (Stolido-
branchia) and  Ciona intestinalis  (Phlebobranchia) 
embryogenesis. Comparative diagram of embryonic 
stages of  Molgula occidentalis  ( left ) and  Ciona intestina-
lis  ( right ), two distantly related species of solitary ascidi-

ans that share near-identical cell lineages and fate maps, 
in spite of negligible conservation of noncoding genomic 
sequences. Embryos were stained with DAPI and fl uores-
cent phalloidin conjugates and are all at roughly the same 
scale (Images were adapted from Stolfi  et al. ( 2014 ))       
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Symplegma brakenhielmi

Aplidium sp.

Eudistoma sp.

  Fig. 4.8    Diversity of colonial forms and budding modes 
of Ecuadorean ascidians. ( A – D )  Symplegma brakenhielmi  
larva ( A ), zooid ( B ), and live colony ( C ) buds mainly by 
vascular budding ( D ). ( E – H )  Polyandrocarpa zorritensis  
larva ( E ), zooid ( F ), and live colony ( G ) buds mainly by 
stolonial budding ( H ). ( I – L )  Cystodytes dellechiajei  larva 
( I ), brooding zooids ( J ), and live colony ( K ) buds mainly 
by pyloric budding ( L ). ( M – P )  Trididemnum  sp. pyloric 
bud during the formation of a new abdomen ( M ), lateral 
view of zooids and buds ( N ); dorsal view of the colony 
shows branchial regions of the zooids in blue and a clear 
common protruding cloaca ( O ), whereas a ventral view of 

the colony reveals the cloacal canals ( P ). ( Q – S )  Eudistoma  
sp. larva ( Q ) and zooids ( R ) bud by abdominal strobila-
tion ( S ). ( T ,  U )  Aplidium sp . larva ( T ) and zooids ( U ) bud 
by strobilation ( S ). ( V – Y )  Clavelina oblonga  larva ( V ), 
zooid ( W ), and colony ( X ) bud by stolonial budding from 
the abdominal region ( Y ). ( D ,  H ,  L ,  S ,  Y ) represent only 
symbolic/generic drawings of the distinct budding modes 
( capital and bold letters ) in ascidians, but are not meant to 
illustrate the specifi c modes of budding observed for the 
species shown (Modifi ed from Brown and Swalla ( 2012 ), 
and photo courtesy from G. Agurto (CENAIM-Ecuador))       
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their counterparts in vertebrates, mostly located 
in the head or just posterior to it, it would be more 
accurate to refer to this region as a “head.” 
Therefore, this term is preferentially used herein.  

 The posterior half of the larva is composed 
mostly of caudal CNS and PNS, notochord (axial 
mesoderm), larval muscles (paraxial mesoderm), 
and a strand of undifferentiated endoderm that 
extends posteriorly almost to the very end of the 
larva. The presence of this gut rudiment, which 
gives rise to the adult intestine (Nakazawa et al. 
 2013 ), suggests that this “tail” is not entirely 
equivalent to the defi ning chordate postanal tail, 

but rather to the trunk (cervical + thoracic 
regions) of vertebrates, with perhaps a vestigial 
postanal tail at its very posterior end (Fig.  4.9 ). 
Although it would be more appropriate to refer to 
this structure as a “trunk-tail,” it is here called 
“tail” for simplicity.  

 Thus, although the larvae of ascidians and 
amphibians indeed share a basic chordate body 
plan, as defi ned by the unequivocal presence of 
chordate-specifi c body structures such as the dor-
sal hollow neural tube and a notochord, their 
“tadpole” characteristics may only be superfi -
cially similar. 

A

B

  Fig. 4.9    Comparison of ascidian and vertebrate embryo 
anatomies. ( A )  Ciona intestinalis  mid-tailbud stage 
embryo, with major tissues/territories color coded:  blue , 
sensory vesicle + brain;  yellow , endoderm;  red , axial + 
paraxial mesoderm (notochord and muscle, respectively); 
 green , tailbud (© Alberto Stolfi , 2015. All Rights 
Reserved). ( B ) Zebrafi sh embryo with tissues color-coded 
according to their homologs in  Ciona :  blue , forebrain; 

 yellow , endoderm + yolk sac; red, trunk (notochord + par-
axial muscles);  green , postanal tail. Comparison between 
the two suggests the “tail” of ascidian larvae is homolo-
gous to the trunk + tail of vertebrates, and the ascidian 
larval “head” (formerly known as the “trunk”) contains 
tissues and precursor cells homologous to those located in 
the vertebrate head (brain, endostyle/thyroid, pharyngeal 
endoderm). Zebrafi sh image is from Okuda et al. ( 2010 )       
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    Anural and Direct Development 
 Within the ascidians, there are some curious 
departures from the typical tadpole-shaped larva. 
The incredible diversity of developmental modes 
was studied in detail by Berrill ( 1928 ,  1930 , 
 1931 ,  1935a ,  1936 ) and more recently reviewed 

by Jeffery and Swalla ( 1992 ). The best-studied 
case is the loss of the familiar tadpole form by 
larvae of diverse stolidobranchs, notably in the 
Molgulidae and Styelidae families (Fig.  4.10 ). In 
many of these cases, the embryo develops like a 
typical solitary ascidian embryo, but morphogen-

A

B C

  Fig. 4.10    Anural development in the Molgulidae. ( A ) 
Illustrations by Berrill ( 1931 ) of the development, hatch-
ing, and metamorphosis of  Molgula arenata , an indirect-
developing tailless ( anural ) species.  Amp.  epidermal 
ampulla. ( B ) Confocal microscopy image of a hatching 
larva of the anural species  Molgula occulta . Note the pres-
ence of notochord cells that have failed to proliferate and 
intercalate like their counterparts in the embryos of uro-

dele species (© Alberto Stolfi , 2015. All Rights Reserved). 
( C ) Confocal image of a hatched larva of the urodele 
(tailed) species  Molgula oculata. M. occulta  and  M. ocu-
lata  are closely related and sympatric off the coast around 
Roscoff, in northern Brittany (France). Embryos were 
stained with a fl uorescent phalloidin conjugate. Anterior 
is to the right in ( B ,  C ). Scale bars = 50 μm (© Alberto 
Stolfi , 2015. All Rights Reserved)       
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esis of the tail structures – the notochord, larval 
muscles, and nerve chord – is severely impaired 
(Fig.  4.10A ). These embryos are said to be 
“anural” or “tailless,” which are misnomers if 
one considers that these lost or degenerate struc-
tures correspond mostly to the axial and paraxial 
mesoderm of the vertebrate thoracic or cervical 
segments. However, in this chapter we will con-
tinue to use these terms and their opposites, “uro-
dele” or “tailed,” for lack of better words.  

 Anural development may occur due to 
improper cell fate specifi cation, arrested differen-
tiation, impaired morphogenetic movements, 
acceleration of apoptosis, or any combination of 
these. In the anural species  Molgula occulta , 
there are fewer notochord cells (Swalla and 
Jeffery  1990 ), which remain relatively amor-
phous and do not extend a functional notochord 
through convergence and intercalation 
(Fig.  4.10B, C ; Berrill  1931 ; Swalla and Jeffery 
 1990 ). Furthermore, the larval muscles of  M. 
occulta  fail to differentiate, in part due to recent 
loss of certain larval muscle-specifi c “structural” 
genes such as muscle actin (Kusakabe et al. 
 1996 ). The anural condition has independently 
evolved in different clades (Berrill  1931 ; Hadfi eld 
et al.  1995 ; Huber et al.  2000 ), although the 
developmental causes underlying the condition 
in these other species have not been extensively 
studied. Vestigial acetylcholinesterase activity in 
the muscles of some larvae but not others (Bates 
and Mallett  1991 ; Swalla and Jeffery  1992 ; Bates 
 1995 ; Tagawa et al.  1997 ) and distinct inactivat-
ing mutations in larval muscle actin pseudogenes 
in different anural species (Jeffery et al.  1999 ) 
suggest that the tailless conditions of different 
anural species are not identical. 

 Berrill associated the anural condition with 
mud- or sand-fl at habitat in which larval motility 
may be dispensible (offering no adaptive value) 
and, as a result, easily lost (Berrill  1931 ). 
However, the fi nding of anural  Molgula  species 
that preferentially attach to rocky substrates 
along rough coastlines challenged this view 
(Table  4.1 ; Young et al.  1988 ; Bates and Mallett 
 1991 ; Nishikawa  1991 ; Bates  1995 ). In these 
cases, there is even perhaps positive selection for 
direct development from adhesive eggs, without 

the need for hatching prior to settlement. The 
extreme tidal changes of high latitudes have also 
been proposed as a factor that could make swim-
ming at best redundant as a dispersal mechanism 
(Huber et al.  2000 ). It is likely that a combination 
of such biogeographical and ecological factors 
may have been permissive for the multiple exam-
ples of evolution of tailless larvae in the 
Molgulidae. Whether the molgulids are geneti-
cally predisposed to generate anural larvae is a 
tantalizing hypothesis that remains to be 
answered.

   Table 4.1    Berrill’s survey of development in the 
Molgulidae   

 Species 
 Depth found (in 
fathoms) 

 Oviparous, urodele 
 Attached 
  Molgula tubifera   0–3 
  Molgula manhattensis   0–3 
  Molgula simplex   20 
  Molgula socialis   20 
 Unattached 
  Molgula oculata   40 
 Oviparous, anural 
 Attached 
  Molgula retortiformis   2–50 
 Unattached 
  Molgula occulta   0–70 
  Molgula solenata   0–5 
  Molgula provisionalis   15 
  Molgula arenata   8 
  Bostrichobranchus pilularis   8 
  Eugyra arenosa   5–20 
 Ovoviviparous, urodele 
 Attached 
  Molgula complanata   2–10 
  Molgula cooperi   0–1 
  Molgula verrucifera   0–5 
  Molgula citrina   2–5 
  Molgula platei   – 
 Ovoviviparous, anural 
 Attached 
  Molgula bleizi   0–1 

  Berrill ( 1931 ) lists a detailed account of the development 
(urodele, anural), reproductive (oviparous, ovovivipa-
rous), or ecological (range of depth of occurrence) strate-
gies of each species in the Molgulidae family. Adapted 
from Berrill ( 1931 )  
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   A closely related condition found in some 
ascidians is direct development (Young et al. 
 1988 ; Bates and Mallett  1991 ; Swalla and Jeffery 
 1992 ; Tagawa et al.  1997 ). So similar are the two 
conditions that in different studies the distinction 
is made using different criteria and often the 
terms made interchangeable. In this review we 
distinguish direct development from anural 
development only by the fact that direct develop-
ers will not hatch or break through the chorion 
prior to the extension of the ampullae. In direct 
developers, it is these epidermal protrusions that 
penetrate the chorion and allow the juvenile to 
“hatch.” In many of these species, the eggs them-
selves are adhesive, allowing for settlement prior 
to hatching (Young et al.  1988 ). In both anural 
and direct development, individuals are presumed 
to follow the normal course of embryogenesis, 
with specifi cation of vestigial larval structures 
that may or may not differentiate. Other criteria 
for distinguishing direct vs. indirect development 
of anural species (e.g., differentiation of larval 
muscles) are diffi cult to assay and may be 
 ambiguous depending on the assay. Further 
detailed characterization of the embryogenesis 
and morphogenesis in the Molgulidae will be 
needed to classify the potentially multiple grada-
tions of anural and indirect development.   

    From Fertilization to Gastrulation 

    Fertilization and Embryonic Axis 
Determination 
 During oogenesis, the egg is polarized along an 
animal-vegetal (AV) axis. Unfertilized eggs are 
arrested in metaphase of meiosis I, with the mei-
otic spindle localized at the animal pole, where 
the polar bodies will form following fertilization. 
Endoplasmic reticulum-rich cortex (cER), asso-
ciated maternal “postplasmic” mRNAs, and 
mitochondria are largely excluded from the ani-
mal pole in unfertilized eggs, but only after sperm 
entry the trigger of a calcium wave leads to acto-
myosin contraction and concentration of these 
maternal determinants at the vegetal pole (Prodon 
et al.  2008 ). A second phase of ooplasmic segre-
gation occurs after meiosis is complete, shunting 

the cER and mitochondria toward a presumptive 
posterior pole, giving rise to a posterior/vegetal 
cytoplasmic complex (Sardet et al.  1989 , 2007; 
Roegiers et al.  1999 ). Thus, the anterior-posterior 
(AP) axis is established roughly perpendicular to 
the AV axis.  

    Early Cleavages 
 The fi rst cleavage occurs along the AP axis, 
equally partitioning posterior/vegetal cytoplasm 
into bilaterally symmetric left and right blasto-
meres. The second cleavage occurs perpendicular 
to the fi rst, and the third cleavage occurs perpen-
dicular to the second, resulting in a bilaterally 
symmetric eight-cell embryo in which each half 
is partitioned into four major quadrants: anterior 
animal (“a-line,” pronounced “small a-line”), 
posterior animal (“b-line” or “small b-line”), 
anterior vegetal (“A-line” or “big/large A-line”), 
and posterior vegetal (“B-line” or “big/large 
B-line”) (Fig.  4.11 ). Starting from these eight 
major octants (two halves divided into four quad-
rants each), the cell lineages of the embryo can be 
traced throughout development using Conklin’s 
supremely elegant nomenclature system that 
allows for easy inference of the mitotic history of 
any given cell 7  (Conklin  1905b ).  

7   Conklin’s nomenclature system hinges on a tripartite 
name for each and every cell. This name is composed of a 
letter and two integers. Let us consider an example, the 
 B 7.5 cell. The letter indicates it is derived from the poste-
rior vegetal (“B”) blastomere of the right half (indicated 
by underlining) of the eight-cell embryo. The fi rst number 
(“7”) indicates the mitotic generation to which the cell 
belongs (the seventh generation, defi ning the fi rst genera-
tion as the single-cell zygote). The second number is the 
cell’s unique identifi er, calculated by simple arithmetic 
from the identifi er of its mother cell,  B 6.3. To derive the 
identifi ers of its daughter cells, the mother cell’s identifi er 
(“3”) is fi rst multiplied by two (3 × 2 = 6). The daughter 
cell closest to the original sperm-entry point receives this 
even number (“6”) as its identifi er ( B 7.6). The other 
daughter cell is then given this number minus 1 (6 − 1 = 5). 
Hence, its name is  B 7.5. There are some limitations to 
applying this nomenclature to later development. For 
instance, sperm-entry point becomes an untenable land-
mark as cells rearrange and alter their positioning relative 
to one another. Furthermore, all lineages eventually cease 
to develop in a stereotypic manner. Therefore, it is not 
advisable to insist upon Conklin’s nomenclature beyond a 
certain time point in some lineages. 
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 Each quadrant gives rise to a multitude of cell 
lineages that develop according to distinct, but 
invariant, cleavage patterns and orientations. The 
only symmetry is bilateral, with right-side and 
left-side lineages being identical until neurula-
tion is complete. The observations and classic 
experiments of Conklin ( 1905a ,  c ), Whittaker 
( 1973 ,  1977 ,  1982 ), and Nishida ( 1992 ,  1993 , 
 1994a ,  b ,  1996 ) indicated the presence of mater-
nal determinants that patterned the ascidian 
embryo not only molecularly, through the speci-
fi cation of the various cell lineages and their gen-
eration of the various differentiated larval tissues, 
but also physically, by controlling the asymmet-

ric cleavage patterns of the early embryos. The 
molecular nature of several such determinants 
was soon to be revealed, heralded initially by the 
discovery of  Macho1 , the maternal gene at the 
top of the regulatory cascade for the autonomous 
specifi cation of primary larval muscles (Nishida 
and Sawada  2001 ). 

 Additional proteins were subsequently identi-
fi ed whose mRNAs are localized to the  cER/
centrosome-attracting body (CAB), comprising 
the postplasmic/PEM (posterior end mark) genes 
(Satou and Satoh  1997 ; Satou  1999 ; Sardet et al. 
 2003 ). These encode a wide variety of proteins, 
most of which have not been extensively studied 

  Fig. 4.11    The major cell lineages of the ascidian embryo. 
 Top left : diagram of an ascidian one-cell stage embryo 
(zygote) viewed laterally, showing the major embryonic 
axes and the polar bodies at the animal pole.  Bottom left : 
division of this zygote into the major quadrants of the 
embryo, as defi ned by the major axes, animal-vegetal and 
anterior- posterior.  Top right : lateral view of an eight-cell 
stage embryo, showing  left  and  right  hemispheres of the 
bilaterally symmetric embryo.  Bottom right : lateral view 
of only the left hemisphere of the embryo shown at top, 

with each blastomere labeled with its unique identifi er and 
color-coded according to the quadrants of the one-cell 
stage embryo. These are the founder cells of the major 
lineages of the ascidian embryo: a-line (anterior/animal), 
b-line (posterior/animal), A-line (anterior/vegetal), and 
B-line (posterior/vegetal). The cells on the  right  hemi-
sphere have the same identifi ers, which are  underlined  to 
indicate their origin from the right hemisphere (e.g.,  a4.2 , 
 b4.2 ,  A4.2 ,  B4.2 ) (© Alberto Stolfi , 2015. All Rights 
Reserved)       
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in ascidians. One exception is the original PEM 
protein, Pem1, a fascinating molecule that exe-
cutes multiple functions critical for early devel-
opment in multiple ascidian species. First, Pem1 
is involved in the control of unequal cell cleav-
ages through asymmetric mitotic spindle posi-
tioning (Negishi et al.  2007 ). Remarkably, Pem1 
is also a transcriptional regulator, globally 
repressing transcription in early posterior blasto-
meres and in the germ line (Kumano et al.  2011 ). 
While the fi rst function requires Pem1 localiza-
tion to the CAB (independently of  Pem1  mRNA 
localization to the same structure), the second 
depends on Pem1 nuclear localization. These dis-
tinct functions also depend on different domains 
within Pem1. Furthermore,  Pem1  mRNA local-
ization to the CAB is another important property, 
as it ensures an AP “gradient” of cell size and 
transcriptional activity, with more posterior cells 
being progressively smaller and transcriptionally 
silenced for longer, due to this asymmetric inher-
itance of  Pem1  mRNA at each round of cell divi-
sion. The stepwise release from transcriptional 
silencing constitutes a “timing mechanism” that 
is critical for the patterning of the early ascidian 
embryo along the AP axis (Kumano and Nishida 
 2009 ).  

    Germ Layer Specifi cation 
 At the vegetal pole, nuclear accumulation of 
maternally provided Catenin Beta-1 (Beta-
catenin) helps these cells maintain mesendoderm 
potential and suppresses their specifi cation as 
ectoderm (Imai et al.  2000 ), although the posi-
tional cue for the accumulation itself is not 
known. In  Ciona intestinalis ,  s uppression of 
ectoderm fates involves antagonism of maternal 
Gata4/5/6 function, which is required for “naïve” 
ectoderm specifi cation and later for neural induc-
tion (Rothbächer et al.  2007 ). 

 The vegetal half of the embryo at the 16-cell 
stage, having repressed an ectodermal fate, is 
then further divided into vegetal mesendoderm 
and a “marginal zone” by the 32-cell stage. The 
marginal zone refers to a ring of cells surround-
ing the mesendoderm proper and abutting the 
animal pole (ectoderm). This marginal zone does 
not correspond to a specifi c germ layer, as it 

includes the A-line neural/notochord progenitors. 
The vegetal mesendoderm in turn is largely fated 
to give rise to endoderm, except for A6.3, which 
will also give rise to the A7.6 mesenchymal 
lineage. 

 In  Ciona intestinalis , binary fate choice 
between vegetal mesendoderm and marginal 
zone involves sustained nuclear Beta-catenin 
accumulation. While nuclear accumulation of 
maternally deposited Beta-catenin drives specifi -
cation of the entire vegetal half of the embryo 
between the eight- and 16-cell stages, Beta- 
catenin nuclear localization is rapidly downregu-
lated in the marginal zone, being restricted to 
their more vegetal sister cells. This differential 
Beta-catenin signaling is suffi cient and necessary 
to distinguish the two layers (Hudson et al.  2013 ). 

 Surprisingly, this mechanism is not conserved 
in  Halocynthia roretzi , in which marginal zone 
cells also show sustained nuclear Beta-catenin 
staining. Instead, a peculiar mechanism for asym-
metric inheritance of mRNA of the marginal 
zone determinant  Not  seems to drive mesendo-
derm patterning. This mechanism involves 
nuclear migration, retention of locally transcribed 
 Not  mRNA in a Wnt5-dependent manner, and 
later repositioning of the nucleus at mitosis, 
resulting in one daughter cell inheriting all the 
 Not  mRNAs, which are suffi cient and necessary 
for marginal zone specifi cation (Takatori et al. 
 2010 ). This is a remarkable example of develop-
mental system drift between  Ciona  and 
 Halocynthia .  

    Gastrulation 
 By the 110-cell stage, the germ layers have segre-
gated, the fate map has been established, and gas-
trulation commences. The endoderm cells drive 
gastrulation by invagination, which occurs in a 
two-step process in which the cells undergo fi rst 
apical constriction then basolateral shortening 
(Sherrard et al.  2010 ). This is immediately fol-
lowed by the involution of the cells of the mar-
ginal zone (mesoderm). Since this marginal zone 
is only one to two cell diameters wide, its ingres-
sion is swift and nearly concurrent with epiboly 
of ectodermal cells. Although this epiboly was 
hypothesized to push the marginal zone cells as 
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they ingressed, experiments revealed that the 
ectoderm cells were not required for proper gas-
trulation (Sherrard et al.  2010 ). Once ingressed, 
mesodermal cells do not immediately move great 
distances, the most dramatic being the inversion 
of the larval muscle precursors along the AP axis. 
Subsequent neurulation and epiboly of the epi-
dermis effectively seal in the endoderm, meso-
derm, and neural tube. 

 Less is known about how the different germ 
layers and tissues remain physically compart-
mentalized, though evidence from other organ-
isms suggests that differential contractility and 
cortical tensions may be involved (Krieg et al. 
 2008 ). Additionally, cadherin family gene expres-
sion patterns are dynamically regulated during 
 Ciona intestinalis  development and may play a 
role in the adhesive properties of the different cell 
lineages of the embryo (Noda and Satoh  2008 ). It 
remains to be seen how the general principles of 
germ layer organization and cell sorting in larger 
embryos apply to the much smaller, invariant 
embryos of solitary ascidians.   

    Development of the Ectoderm 

    Neural Induction 
 The CNS is derived from two of the major quad-
rants of the embryo: anterior/animal (a-line) and 
anterior/vegetal (A-line). Either lineage gives 
rise to both neural and nonneural lineages. The 
basic mechanisms by which this induction occurs 
in ascidian embryos are known and differ slightly 
between the two lineages. In  Ciona intestinalis , 
neural induction of a-line occurs at the 32-cell 
stage and was shown to be carried out by FGF 
signaling. More specifi cally, Fgf9/16/20 ligand 
expressed in vegetal-pole cells is suffi cient and 
necessary to induce neurogenic ectoderm specifi -
cally in those a-line cells in contact with the 
Fgf9/16/20-expressing cells (Hudson and 
Lemaire  2001 ; Bertrand et al.  2003 ). Those cells 
that do not receive this signal go on to become 
epidermis and components of the PNS. While 
this induction still requires Gata4/5/6 activity, 
like earlier induction of basic ectoderm, the 
instructive cue is nonetheless the spatially 

restricted Fgf9/16/20 ligand. This induction is 
dependent on direct contact of inducing and 
induced cells, as is the case for almost every other 
documented FGF-dependent induction event in 
the  C. intestinalis  embryo. 

 Induction of CNS from A-line progenitors 
also involves FGF signaling. Surprisingly, in this 
lineage FGF signaling inhibits CNS specifi ca-
tion. A-line neural precursors are specifi ed by the 
absence of FGF signaling, while their sister cells 
are induced by FGF signaling to become noto-
chord precursors (Minokawa et al.  2001 ; Yasuo 
and Hudson  2007 ). The availability of FGF 
ligands is not limiting, as these cells  are  the 
source of Fgf9/16/20 and are thus surrounded by 
ligand. Instead, the localized cue for differential 
activation cells was found to be Ephrin, which is 
expressed in a-line cells and antagonizes FGF- 
dependent ERK signaling in A-line neural pro-
genitors in a contact-dependent manner (Picco 
et al.  2007 ). It was shown that this occurs through 
Ephrin/Eph-dependent localized recruitment of 
Rasa1 (p120 RasGAP) protein, which is an inhib-
itor of the Ras/ERK pathway (Haupaix et al. 
 2013 ). 

 Given the requirement for FGF in induction of 
a-line neural tissue and the conserved role for 
FGF in neural induction in vertebrates, this inver-
sion in the outcomes of induction seems quite 
puzzling. However, FGF has since been shown to 
be repeatedly employed as a simple binary switch 
to decide between two opposing cell fates in sis-
ter cell pairs throughout ascidian embryogenesis 
(Davidson et al.  2006 ; Hudson et al.  2007 ; Shi 
and Levine  2008 ; Squarzoni et al.  2011 ; Stolfi  
et al.  2011 ; Wagner and Levine  2012 ). 
Accordingly, the role of FGF in the A-line noto-
chord/neural decision is likely to be an ascidian- 
specifi c regulatory motif, although the induction 
of a-line neural progenitors may indeed be a 
manifestation of an ancestral FGF-dependent 
mechanism for neural induction.  

    Neurulation 
 Neurulation refers to the chordate-specifi c mor-
phogenesis of a dorsal, hollow neural tube start-
ing from a fl at neural plate. In the typical ascidian 
larva, the neural plate is a fl at epithelium of 
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 neurogenic a- and A-line-derived ectodermal 
cells that stretch over the dorsal surface of the 
embryo by epiboly. It forms a highly unusual grid 
of rectangular cells, an organization that is criti-
cal for its proper patterning into rows and col-
umns (Hudson et al.  2007 ). In  Ciona intestinalis , 
this plate was shown to be under the infl uence of 
several inductive cues that pattern it into rows 
and columns of differently fated cells (Fig.  4.12 ). 
Namely, Delta and Nodal signals emanate from 
regions just lateral to the neural plate, while an 
intricate interplay of FGF and ephrin signals reit-
eratively determine the binary cell fate choices of 
anterior/posterior sister cell pairs, by their oppos-
ing actions on ERK pathway activation (Hudson 
et al.  2007 ; Haupaix et al.  2014 ).  

 Upon neurulation (Fig.  4.13 ), the rows and col-
umns of the neural plate are precisely reorganized 
into the simplest of neural tubes: four AP columns 
or stacks of cells (one dorsal column (the neural 

tube roof plate, formed by the lateral- most cells of 
the neural plate), one ventral column (the fl oor 
plate, formed by the medial-most columns of the 
neural plate), and two bilaterally symmetric lat-
eral columns, formed from the remainder of neu-
ral plate cells) (Nicol and Meinertzhagen  1988a , 
 b ; Cole and Meinertzhagen  2004 ). Thus, the pat-
terning of the neural plate is critical not only for 
later compartmentalization of the CNS but for the 
actual morphogenesis of the neural tube. 
Neurulation is incomplete at the anterior terminus 
of the neural tube where it remains open, giving 
rise to the neurogenic portion of the larval stomo-
deum (Veeman et al.  2010 ). The neural tube is 
eventually internalized, after being completely 
covered dorsally by the epidermis.  

 Like in most of the embryo, the cell lineages 
of the neural tube are invariant through neurula-
tion, except for the exact AP order of intercala-
tion of the dorsal and ventral cells. Neural tube 

  Fig. 4.12    Neural plate patterning in  Ciona . Cartoon dia-
gram summarizing the fi ndings of Hudson et al. ( 2007 ) on 
the grid-like patterning of the  C. intestinalis  neural plate 
by FGF/MAPK(ERK), Nodal, and Delta-Notch signaling 
pathways.  Boxed cells  are under the direct infl uence of the 
indicated signals. Further input into the regulatory mecha-
nisms for cell fate specifi cation come from the cell lineage 
histories of each cell, divided into the three major lineages 

of the neural plate (A-line, a-line, and b-line).  Dashed line  
indicates the dorsal midline.  Color coding  in the neural 
plate represents unique cell identities as assayed by gene 
expression profi les. Cell numbers and identities are accu-
rately and realistically portrayed, but the relative sizes and 
positions of the cells are slightly modifi ed for clarity. 
Anterior is to the  bottom left  (© Alberto Stolfi , 2015. All 
Rights Reserved)       
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progenitors proliferate during neurulation, but it 
was shown that a prolonged G2 phase in dorsal 
epidermal midline cells is essential for their 
intercalation (Ogura et al.  2011 ). Thus, there is a 
tight coordination between cell division and mor-
phogenesis of the neural tube. 

 Further elaboration of the neural tube is uneven 
along the AP axis, foreshadowing the regionaliza-
tion of the larval central nervous system. At the 

anterior, the neural tube lumen is engorged 
(Marino et al.  2007 ) and eventually becomes the 
sensory vesicle (SV), which houses the larval 
melanocytes and associated sensory (light- and 
acceleration-sensing cells). Distinct rates of pro-
liferation and differentiation occur along the 
length of the AP axis, resulting in an irregularly 
shaped neural tube and discontinuous neural tube 
lumen (Cole and Meinertzhagen  2004 ).  

  Fig. 4.13    Neurulation. Cartoon diagram depicting the 
mode of neurulation in solitary ascidian embryos. The fl at, 
dorsal neural plate is a grid-like sheet of cells. The lateral 
and medial columns are displaced in opposite directions 
(dorsal and ventral, respectively) by as of yet unknown 
forces. The cells of the lateral columns meet at the dorsal 
midline and intercalate to form a single column of cells, 

the neural tube “roof.” The cells of the medial columns 
also intercalate, forming a single column of cells 
(the “fl oor”). Thus, the ascidian neural tube is a simple 
bundle of four single-cell columns (one dorsal, one ven-
tral and two lateral). A small lumen forms along the inside 
of the bundle, from the apical surfaces of the neural tube 
cells (© Alberto Stolfi , 2015. All Rights Reserved)       
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    Central Nervous System Patterning 
 At the end of larval development, the central ner-
vous system (CNS) contains approximately 100 
neurons (Imai and Meinertzhagen  2007a ) and is 
divided into at least fi ve anatomical compart-
ments along the AP axis (Fig.  4.14 ). At the ante-
rior end lies the sensory vesicle (SV). Immediately 
posterior to that is the larval “brain” or posterior 
sensory vesicle (PSV): a tightly bundled cluster of 
neurons, photoreceptors, and other putative sen-
sory cells associated with the SV. Posterior to the 
brain is the neck, an undifferentiated mass of neu-
ral progenitors that will give rise to certain bran-
chiomeric neurons of the adult (Dufour et al. 
 2006 ). Next is the motor ganglion (MG), com-
prised of motor neurons and interneurons that 
drive the swimming behavior of the larva (Bone 
 1992 ; Horie et al.  2010 ). Most posteriorly, along 
the length of the tail lies the nerve cord. Other 
than a few scattered neurons of uncertain func-
tion, the nerve cord is composed chiefl y of elon-
gated ependymal cells and the axons of MG 
neurons that project posteriorly toward the tail-
bud. The clonal subdivisions of the neural tube 
(a-line and A-line) together with cell signaling are 
responsible for the establishment of regionalized 
patterns of gene expression. These molecular 
domains are assumed to then specify and drive the 
differentiation of the anatomical subdivisions.  

 Gene expression patterns support a fundamen-
tally bipartite organization of the ascidian CNS: 
 Otx  expression marks the larval brain and adult 
anterior CNS progenitors, while absence of  Otx  

expression characterizes the remainder (Ikuta and 
Saiga  2007 ). However, a tripartite organization 
emerges when one looks at several genes expressed 
in the neck. Among these,  Pax2 / 5 / 8  and  Phox2  
suggest homology of the neck to the vertebrate 
hindbrain, a claim strongly supported by the fact 
that these progenitors give rise to  Tbx20  +  motor 
neurons innervating the pharyngeal muscles of the 
adult (Dufour et al.  2006 ). The motor ganglion 
(MG) progenitors express several sequence-
specifi c transcription factor (TF) genes involved in 
spinal cord motor neuron specifi cation in verte-
brates such as  Pax6 ,  Lhx3 / 4 ,  Islet ,  Onecut , and 
 Nk6 , such that homology of this region to the ver-
tebrate spinal cord is hard to refute. Not enough is 
known about the adult anterior CNS progenitors, 
and whether they constitute a molecularly or phys-
ically distinct compartment apart from the larval 
brain, leaving us three functionally distinct 
regions: larval/adult brain, adult branchiomeric 
motor neurons, and larval tail motor neurons. 

 The correspondences to the major divisions of 
the vertebrate CNS are somewhat tenuous and 
controversial. There are at least three major fac-
tors that make these comparisons a dicey propo-
sition. First, there is a drastic alteration in the 
positioning of CNS neural precursors and differ-
entiated neurons. For instance, the motor gan-
glion, argued to be homologous to the vertebrate 
spinal cord based on molecular, embryological, 
and functional grounds, is arrayed as only a sin-
gle cluster of several bilateral pairs of cells. There 
is no dorsoventral axis to speak of and no serial 

  Fig. 4.14    The ascidian larval central nervous system 
(CNS).  Ciona intestinalis  larva electroporated with the 
 Vesicular acetylcholinesterase transporter  ( Vacht )> unc -
 76 :: eGFP  plasmid, fl uorescently labeling the major neu-
ronal centers of the larval CNS. The fi ve major anatomical 

subdivisions of the CNS are demarcated, from anterior to 
posterior: sensory vesicle, posterior sensory vesicle ( PSV , 
also known as the brain), neck ( N ), motor ganglion ( MG ), 
and nerve cord ( NvC ) (Adapted with permission from 
Stolfi  et al. ( 2011 ))       
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repetition of this structure, as there is only one 
muscle to innervate on either side of the larva. 
Posterior to the motor ganglion, the nerve cord 
over the majority of its length contains no neu-
rons of its own, supporting instead the axon bun-
dles of the motor ganglion neurons. This drastic 
reconfi guration is no doubt a result of the extreme 
reduction in cell numbers and size of the larva. 

 Another issue complicating comparative stud-
ies is the heterochrony of larval and adult CNS 
differentiation. Popularly, the ascidian larval 
CNS is thought to simply degenerate and the 
adult CNS thought to be formed de novo from an 
unorganized mass of naïve progenitors. This 
view has been convincingly refuted, with lineage 
tracing experiments revealing the contribution to 
the adult CNS of progenitors from specifi c 
regions of the embryonic neural tube (Dufour 
et al.  2006 ; Horie et al.  2011 ). The different larval 
and adult-differentiating portions of the neural 
tube will naturally be in different genetic regula-
tory states, compromising the simple one-to-one 
pairing of static “snapshots” of gene expression 
patterns that tend to be emphasized. 

 Related to this is a third complication, namely, 
that many of the genes used in comparing the 
regionalization of the CNS are reiteratively used 
in different cell types at different stages, carrying 
out different functions. For example, although 
Fgf8/17/18 was shown to act as an organizing 
molecule in the motor ganglion and neck regions 
as well as at the vertebrate midbrain/hindbrain 
boundary (Imai et al.  2009 ), the repeated use of 
FGF signaling for cell fate decisions in  Ciona  
leaves open the question as to whether this orga-
nizer is a conserved or convergent feature. 
Similarly,  Otx  is also a critical regulator of poste-
rior PNS fate (Roure et al.  2014 ), muddling its 
intimate association with anterior CNS specifi ca-
tion. Finally, given the rapid pace of development 
of ascidian embryos, where every cell division is 
potentially a binary fate choice between two 
completely different lineages, gene expression 
patterns are highly dynamic and rapidly changing 
over the course of embryogenesis (Ikuta and 
Saiga  2007 ). Great care must be taken to ascer-
tain the temporal and cellular context in which 
gene expression is taking place before seizing 
these to support claims of homology. 

 That said, it seems that the embryological and 
molecular evidence thus far presented best sup-
ports a tripartite nature of the ascidian CNS (Wada 
et al. 1998). When comparing to vertebrates, the 
motor ganglion and nerve cord may correspond to 
the spinal cord, the neck may be homologous to 
the hindbrain, and the anterior  Otx -expressing 
domain would encompass everything anterior to 
the hindbrain. The fi ner subdivisions seen both in 
ascidians and vertebrates (midbrain, midbrain/
hindbrain boundary, etc.) would be lineage-spe-
cifi c elaborations of this basic frame, adapted to 
their respective specialized needs.  

    Motor Neuron Specifi cation 
 The gene regulatory networks and inductive 
events governing neuronal specifi cation in the 
ascidian CNS have best been studied in motor 
ganglion neurons (MGNs). In the  Ciona intestina-
lis  MG, four of the fi ve pairs of MGNs are speci-
fi ed from the A9.30 blastomere (Fig.  4.15A ; Cole 
and Meinertzhagen  2004 ). Each pair corresponds 
to a molecularly and morphologically distinct 
subtype (Stolfi  and Levine  2011 ) and is born and 
specifi ed in an invariant manner by a series of 
short-range signaling events (Fig.  4.15B, C ; Stolfi  
et al.  2011 ). This is in stark contrast to subtype 
specifi cation in the vertebrate spinal cord, which 
is patterned along the DV axis by opposing BMP 
and Shh morphogen gradients. It was shown that 
in  C. intestinalis , although the neural tube roof 
plate expresses BMP and the fl oor plate expresses 
Hedgehog, these molecules have no bearing on 
patterning the MG (Hudson et al.  2011 ). This is 
not entirely surprising, given that all MGNs are at 
the same DV position and thus cannot be easily 
patterned by DV morphogen gradients.  

 The A9.29 lineage, just posterior to the A9.30 
lineage, gives rise to the fi fth MGN, the A10.57 
motor neuron, and to the decussating GABAergic 
interneurons that lie at the base of the tail and 
presumably play a role in the left-right alterna-
tion of muscle contraction that drive swimming 
behavior (Nishino et al.  2010 ; Nishitsuji et al. 
 2012 ). Although physically removed from the 
rest of the MGNs, these neurons are likely an 
integral component of the ascidian larval motor 
system and should be considered as belonging to 
the MG. 
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 Surprisingly, the Hox cluster genes appear to 
play limited functions in the larval CNS of  Ciona 
intestinalis , with no obvious CNS patterning 
defects observed in loss-of-function experiments 
(Ikuta et al.  2010 ). Nine Hox genes have been 

found in  C. intestinalis  and  Oikopleura dioica , 
with a nearly complete set of anterior and poste-
rior Hox genes, but lacking a number of central 
Hox genes (Fig.  4.16 ) found in vertebrates and 
cephalochordates (Seo et al.  2004 ; Brown et al. 

A B

C

  Fig. 4.15    The cell lineages, patterning, and neuronal 
subtypes of the  Ciona  motor ganglion. ( A ) The cell lin-
eage of the motor ganglion. Cells in  red  are those 
descended from the A9.30 blastomeres of the neural plate, 
which gives rise to four of the fi ve pairs of motor ganglion 
neurons (indicated by  asterisks ). Anterior is to the  left  
(Diagram adapted from Stolfi  and Levine ( 2011 ). Lineage 
information is from Cole and Meinertzhagen ( 2004 )). ( B ) 
Summary diagram adapted from Stolfi  et al. ( 2011 ) 
depicting the major cell signaling events that pattern the 
motor ganglion into specifi c progenitor and neuronal sub-
types. Ephrin-A signals from the adjacent A9.29 lineage 
suppress MAPK(ERK) signaling in the posterior half of 
the A9.30 lineage and then in the A11.117 cell, which is 
specifi ed as a  Vsx + interneuron. Delta2 ligand expressed 

in the posterior half of the lineage signals to A11.119 cell, 
limiting the expression of  Pax3 / 7  to the anterior- most cell 
of the lineage, which gives rise to the  Dmbx + interneuron 
(A12.239). The  Mnx +/ Nk6 + motor neuron (A11.118) is 
specifi ed by later activation of ERK signaling, and neuro-
nal differentiation of A12.239 is driven by stereotyped 
downregulation of ERK and Notch signaling in this cell 
by unknown means. Anterior is to the top. ( C ) Summary 
diagram from Stolfi  and Levine ( 2011 ) of the different 
neuronal subtypes of the motor ganglion of  C. intestinalis , 
depicting their most salient morphological features, such 
as decussating axons of A12.239, frondose motor end 
plates of A11.118, dendritic arborizations of A11.117, and 
elongated cell body and en passant motor end plates of 
A10.57. Anterior is to the left       
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 2008 ; Amemiya et al.  2010 ; Ikuta et al.  2004 ; 
Ikuta  2011 ; David and Mooi  2014 ). The Hox 
complex itself is fragmented and eroded in the 
genomes of tunicates (Spagnuolo et al.  2003 ; 
Ikuta et al.  2004 ; Seo et al.  2004 ), with partial 
loss of collinearity of gene expression and cluster 
 organization (Fig.  4.16 ). The same is observed 
for the ParaHox genes (Ferrier and Holland 
 2002 ). Those Hox cluster genes that remain are 
expressed in the nerve cord, notochord, and mus-
cle of the larva (Ikuta et al.  2004 ; Seo et al.  2004 ) 
and undoubtedly play indispensable biological 
roles that have yet to be fully elucidated, but it is 
nonetheless stunning to see the rock stars of 
 bilaterian embryonic patterning remain behind 
the scenes in the tunicates.   

    Neural Plate Borders, Placodes, 
and Neural Crest 
 From the lateral borders of the neural plate arise 
a handful of different cell types, mostly associ-
ated with the PNS. The most conspicuous of 
these are the melanin-containing pigment cells 
associated with the sensory vesicle (Fig.  4.17 ). In 

the basic larva of species covering diverse fami-
lies, there are only two pigment cells. One is an 
otolith (also known as the statocyst or statocyte) 
that is required for geotaxis of the larva, presum-
ably by acting as a weight that can activate asso-
ciated mechanosensory cells, depending on the 
relative orientation of the larva in the water col-
umn (Tsuda et al. 2003; Jiang et al.  2005 ). The 
other is an ocellus, associated with a photorecep-
tor complex (Tsuda et al.  2003 ; Horie et al.  2008 ). 
In some species, the otolith or the ocellus may be 
missing. In other species (e.g.,  Botryllus schlos-
seri  and other botryllids; Fig.  4.6C ), both have 
been combined into a dual function pigment cell 
termed the “photolith” (Sorrentino et al.  2000 ).  

 In species with separate otolith and ocellus, 
both cell types are derived from left-right equiva-
lent cells in the neural plate, and their differentia-
tion into one or the other occurs mainly through 
relative positioning along the anterior-posterior 
axis after intercalation at the dorsal midline 
(Darras and Nishida  2001 ; Abitua et al.  2012 ). 
The cell that ends up more anterior invariably 
becomes the otolith, and the one that ends up 
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  Fig. 4.16    Chordate Hox and ParaHox genes. ( A ) 
Evolutionary reconstruction of the Hox gene complex in 
chordates and cephalochordates. The complete Hox and 
ParaHox clusters are shown for the cephalochordate 
( Branchiostoma fl oridae ). A disintegration in the order of 
the clusters and the lack of central Hox genes can be seen in 
the tunicates ( Oikopleura dioica  and  Ciona intestinalis ). 
The coelacanth ( Latimeria menadoensis ) Hox and ParaHox 
clusters are also shown ( dark colored circles ). Hox genes 
are color-coded by their relative position of expression: 
anterior genes,  red  and  orange boxes ; central genes,  yellow  

and  green boxes ; and posterior genes,  blue boxes. Evx  
duplications and transpositions are shown in  gray boxes. 
Dashed lines  indicate large gaps between Hox genes that 
remain on the same chromosome but have been dispersed. 
( B ) Hox gene expression pattern relative to the anterior-
posterior anatomical position of the larva of  O. dioica . ( C ). 
Hox gene expression pattern relative to the anterior-poste-
rior anatomical position of the larva of  C. intestinalis  
(Figures are based on data from Ikuta et al. ( 2004 ), Seo 
et al. ( 2004 ), Brown et al. ( 2008 ), Amemiya et al. ( 2010 ), 
David and Mooi ( 2014 ), Mulley and Holland (2014))       
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more posterior is specifi ed to become an ocellus. 
Both subsequently undergo an epithelial-to- 
mesenchymal transition as they delaminate from 
the neural tube epithelium and enter the sensory 
vesicle lumen. 

 Wada was the fi rst to note that the specifi ca-
tion of otolith/ocellus precursors from the neural 
plate borders closely resembles the development 
of neural crest-derived melanocytes in verte-
brates (Wada et al.  1997 ; Wada  2001 ). 
Interestingly, neural plate border cells (NPBCs) 
express combinations of transcription factors that 
in vertebrates participate in the specifi cation of 
neural crest cells. These include orthologs of 
 Pax3 / 7 ,  Msx ,  Dlx ,  Zic ,  Snail ,  Id , and others (Wada 
et al.  1997 ; Abitua et al.  2012 ). Molecularly, the 

expression of common neural plate border speci-
fying genes like the ones listed above further sup-
ports the claims for homology. Later, neural plate 
border descendants express genes associated 
with more advanced neural crest developmental 
processes, including  Foxd  and  Mitf  orthologs 
(Abitua et al.  2012 ). 

 Now, are the NPBCs in fact neural crest cells? 
That is a trickier question to answer. Since neural 
crest cells were initially identifi ed in vertebrates, 
they were defi ned by those criteria that described 
them in vertebrates. And there are more than a 
few such criteria, given the myriad embryonic 
origins, molecular signatures, and differentiated 
fates of all those cells collectively referred to as 
the “neural crest.” As such, it is a tall order to 

A
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  Fig. 4.17    The pigment 
cells of ascidian larvae. ( A ) 
Larva of  Molgula 
occidentalis , showing a 
single melanocyte in the 
sensory vesicle, an otolith 
(also known as a statocyte 
or statocyst) associated 
with putative geotactic 
mechanoreceptory cells. 
( B ) Larva of  Ciona 
intestinalis , showing two 
melanocytes in the sensory 
vesicle: one otolith and one 
ocellus pigment cell (© 
Alberto Stolfi , 2015. All 
Rights Reserved)       
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expect to fi nd cells outside the vertebrates that 
strictly fi t those multiple criteria. 8  Taking this 
into consideration, we venture that the answer is 
then ascidian NPBCs are homologous to neural 
crest cells, but are  not  neural crest cells. 

 We have seen that ascidian NPBCs share an 
embryological origin and certain regulatory sig-
natures with vertebrate neural crest cells. 
Furthermore, like their craniate counterparts, the 
NPBCs give rise to melanocytes and sensory 
neurons. What are obviously missing are two 
things: (1) the capacity/propensity for long-range 
migration and (2) the ability to give rise to 
mesoderm- like differentiated cell types. 

 Along the descent of vertebrates, a rudimen-
tary neural crest similar to the ascidian NPBCs 
must have come to express genes that conferred 
on them the entire suite of neural crest properties 
we have come to recognize. In tunicates, we fi nd 
other cells that display some of these neural 
crest-like properties. Pigment cell precursors 
capable of migrating long distances were identi-
fi ed in the complex adultative larvae of 
 Ecteinascidia turbinata  (Jeffery et al.  2004 ). 
These were proposed as homologous to the A7.6-
derived mesenchymal cells of  Ciona intestinalis  
and  Halocynthia roretzi , which do express some 
neural crest factors such as  Twist - related  genes 
(Jeffery et al.  2008 ). However, the embryological 
origin of the A7.6 lineage is not from the neural 
plate borders, being of clear endomesodermal 
origin. Interestingly, the forced expression of 
 Twist - related     genes in neural plate border cells of 
 C. intestinalis  was found to confer migratory 
properties to them, resulting in a long-range 
migration of pigment cell precursors, mimicking 
the behavior of  E. turbinata  pigment cell precur-
sors (Abitua et al.  2012 ). Such an experiment 
may represent a very simplifi ed reenactment of 
the evolutionary co-option that gave rise to  bona 
fi de  vertebrate neural crest cells.  

8   If the forelimbs had been initially identifi ed in birds and 
been strictly defi ned as feathery appendages that bear 
three digits, then one would be infallibly correct in claim-
ing that only birds have forelimbs and that the homolo-
gous structures found in all non-avian vertebrates are  like  
forelimbs, but  not  forelimbs. 

    Epidermis and Epidermal Sensory 
Neurons 
 The entire larva is covered by an epithelium com-
posed of epidermal cells and related cell types 
that share a common clonal origin. Neurons com-
prising the PNS are embedded throughout the 
epidermis in both the head and tail regions, and 
other specialized structures arise at the border 
regions between the epidermis and neurogenic 
ectoderm. All these epidermis derivatives are 
descended from the four animal-pole octants of 
the eight-cell embryo. The major roles of the lar-
val epidermis are to seal in the different tissues 
and organ primordia and to synthesize the tunic. 
The tunic, from which the tunicates derive their 
name, is made of cellulose. Tunicates are the only 
metazoans capable of synthesizing cellulose. 
This is made possible by epidermal expression of 
the cellulose synthase enzyme, thought to be 
derived from a gene that was horizontally trans-
ferred from an unidentifi ed prokaryotic organism 
to the last common ancestor of all tunicates 
(Nakashima et al.  2004 ; Matthysse et al.  2004 ; 
Sasakura et al.  2005 ). 

 In the head, PNS neurons (including those 
derived from the neural plate borders) are dis-
persed along the anterior and dorsal regions, 
being absent from the ventral side of the epider-
mis (Imai and Meinertzhagen  2007b ). In the tail, 
regularly interspaced epidermal cells at the dor-
sal and ventral midlines differentiate into caudal 
epidermal sensory neurons (CESNs) that form 
thin projections into the tunic (Fig.  4.18 ) and are 
thought to serve a mechanosensory role (Pasini 
et al.  2006 ; Imai and Meinertzhagen  2007b ; 
Terakubo et al.  2010 ; Yokoyama et al.  2014 ).  

 Caudal CESNs are induced from neurogenic 
epidermis of the tail, which is induced at the dor-
sal and ventral midlines. The dorsal midline neu-
rogenic epidermis is induced by FGF signaling, 
while the ventral midline neurogenic epidermis is 
induced by ADMP/BMP signaling (Pasini et al. 
 2006 ). Within these median stripes of neurogenic 
epidermis, putative mechanosensory neurons are 
specifi ed through Delta-Notch lateral inhibitory 
signaling (Pasini et al.  2006 ), which controls 
the deployment of a core PNS neurogenic code 
consisting of the transcription factors Mytf, 
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NeuroD-related, Pou4, and Atoh and the micro-
RNA  miR - 124  (Chen et al.  2011 ; Tang et al. 
 2013 ). Further AP patterning of these sensory 
neurons is achieved through antagonistic retinoic 
acid and FGF signals emanating from the ante-
rior larval muscles and tailbud, respectively 
(Pasini et al.  2012 ).  

    Adult Siphon Primordia 
 Also arising from the head epidermis are the 
siphon primordia that give rise to the oral and 
aboral (or incurrent and excurrent) openings, or 
siphons, of the adult. The excurrent siphon is 
also known as the “atrial” siphon, due to its asso-
ciation with the peribranchial atrium or chamber. 
These are observed late in embryogenesis as 
rosettes of morphologically distinct epidermal 
cells. In phlebobranchs, one incurrent and two 
excurrent siphon primordia are specifi ed, and 
initially the juveniles, or young adults, have 
three siphons each. Later in adult life, the two 
excurrent siphons fuse into a single siphon in a 
poorly studied process. In contrast, the excurrent 
siphon of stolidobranch ascidians arises from a 
single primordium in the larva or young 
juvenile. 

 While part of the incurrent siphon primordium 
is determined in a lineage-dependent manner 
from cells forming the neuropore 9  (Veeman et al. 
 2010 ), the excurrent siphon primordia are 
induced de novo from naïve epidermis by reti-
noic acid-dependent expression of  Hox1  in com-
bination with later induction by FGF/ERK 
signaling (Kourakis and Smith  2007 ; Sasakura 
et al.  2012 ).  

   Adhesive Organ 
 At the most anterior end of the head is the adhe-
sive organ, which in the majority of ascidians (one 
notable exception being the Molgulidae) consists 
of three protruding clusters of putative sensory 
and adhesive-secreting cells. These cell clusters 
are commonly referred to as “palps.” The palps 
are remarkably elaborated in phlebobranch ascid-
ians that undergo adultation (discussed below), 
perhaps because their larger, heavier larvae need 
to be more securely fastened to the substrate. 

 The adhesive organ primordium arises from 
the anterior borders of the neural plate and is 

9   The opening formed by the incomplete closure of the 
neural tube 

A

B

  Fig. 4.18    Caudal 
epidermal sensory neurons 
of  Ciona . ( A ) The thin 
ciliary projections of the 
caudal epidermal sensory 
neurons into the tunic fi n 
revealed by beta-tubulin 
immunostaining. ( B ) 
Higher magnifi cation view 
of tunic fi n sensory 
projections (Figure is 
adapted from Pasini et al. 
( 2006 ))       
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specifi ed in part by Foxc (Wagner and Levine 
 2012 ). Later adhesive organ development appears 
to require FGF/ERK signaling and an intricate 
interplay between the transcription factors Sp8, 
Emx, and Islet to specify the different cell types 
composing the palps and to regulate their mor-
phogenesis (Wagner et al.  2014 ).   

    Development of the Mesoderm 

   Larval Muscles 
 The ascidian larva is specialized for dispersal, 
this being in fact its only role in the life cycle. 
Indispensable to this function are the larval mus-
cles, arranged as bands of striated, mononucle-
ated cells on either side of the tail. These muscle 
cells are divided into primary and secondary 
muscle lineages, according to their mode of spec-
ifi cation. In  Ciona intestinalis , there are 18 mus-
cle cells per side and 21 cells per side in the 
slightly larger  Halocynthia roretzi  embryo. This 
difference in muscle cell number is entirely due 
to variation in the secondary lineage, while the 
primary lineage is invariant between the two spe-
cies. It does not appear that these numbers devi-
ate substantially among the larvae of the various 
solitary species. However, in those species show-
ing extreme adultation and caudalization 
(explained later), larval muscles are greatly elab-
orated, both in terms of number of rows of cells 
and total numbers of cells (   Cavey and Cloney 
 1976 ; Cavey  1982 ). 

 Primary muscle cells are autonomously speci-
fi ed, through inheritance of posterior/vegetal 
mitochondria-rich cytoplasm (Conklin’s famous 
orange-yellow myogenic cytoplasm or “myo-
plasm”), shown by Whittaker to be suffi cient and 
necessary for larval muscle formation (Whittaker 
 1973 ,  1982 ). The critical molecular component 
of the myoplasm was identifi ed as maternally 
deposited  Macho1  mRNA, which is localized to 
the cER and translated into Macho1 protein in the 
primary larval muscle precursors (Nishida and 
Sawada  2001 ). Macho1 protein in turn activates 
its targets, among them the  Tbx6 - related  family 
of genes (Yagi et al.  2005 ). Tbx6-related proteins 
then activate the myogenic regulatory factor gene 
 Mrf , also known as  Myod  (Meedel et al.  1997 , 

 2002 ,  2007 ; Imai et al.  2006 ). Mrf, Tbx6, and 
other transcription factors then cooperate to acti-
vate the expression of a battery of “differentia-
tion” genes such as myosins, muscle actins, 
troponins, tropomyosins, etc. (Johnson et al. 
 2004 ,  2005 ; Brown et al.  2007 ; Izzi et al.  2013 ). 

 In contrast, secondary muscle cells are 
induced by extracellular signals from A- and 
b-line progenitors that do not inherit any mater-
nal  Macho1 . Cell-cell signaling results in activa-
tion of  Tbx6 - r  and  Mrf  independent of Macho1 
(Kim and Nishida  2001 ; Hudson et al.  2007 ; 
Tokuoka et al.  2007 ). However, the exact identity 
of the signaling pathways used for the same 
inductive event differs between  Ciona intestina-
lis  and  Halocynthia roretzi , representing another 
example of developmental system drift in ascid-
ian evolution (Hudson et al.  2007 ; Tokuoka et al. 
 2007 ; Hudson and Yasuo  2008 ). 

 The variation in the  number  of secondary 
muscle cells being specifi ed between  Ciona  and 
 Halocynthia  appears to be due to slight differ-
ences in cell positioning. In  C. intestinalis , 
muscle- inducing cells are in contact with only 
the b7.9 blastomere, whereas in  H. roretzi  contact 
is made with both b7.9 and b7.10, resulting in 
induction of extra muscle progenitors (Kim and 
Nishida  2001 ; Hudson et al.  2007 ; Tokuoka et al. 
 2007 ).  

   Cardiopharyngeal Mesoderm 
 The term “cardiopharyngeal mesoderm” refers to 
multipotent progenitors that give rise to heart 
precursors and muscles of the peribranchial 
chamber and excurrent siphon of the adult (col-
lectively referred to as “pharyngeal muscles”). In 
the embryo, four cardiopharyngeal progenitors 
(CPPs), two on either side of the embryo, are 
specifi ed from the B7.5/ B 7.5 pair of blastomeres, 
which also give rise to anterior larval muscle 
cells (Fig.  4.19 ).  

 Investigations into marginal zone specifi ca-
tion have largely ignored the B7.5 pair of blasto-
meres, which are situated at the posterior end of 
the marginal zone. Embryologically, the B7.5 
cells are a confl uence of vegetal and posterior 
endoderm and mesoderm, and this “hybrid” 
nature holds also true at the molecular level. In 
 Ciona intestinalis , the B7.5 cells are delineated 
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by expression of the  Mesogenin / MesP  homolog 
 Mesp , which is exclusively expressed in these 
cells and is necessary for the subsequent onto-
genesis of lineage and its derivatives including 
the adult heart and pharyngeal muscles (Davidson 
et al.  2005 ; Satou et al. 2004). In  Ciona intestina-
lis ,  Mesp  is activated by Tbx6.b and Lhx3/4, 
zygotically expressed transcription factors under 
the direct regulatory control of beta-catenin and 
Macho1 maternal determinants, respectively. The 
expression territories of Tbx6.b (posterior) and 
Lhx3/4 (vegetal) overlap precisely in the B7.5, 
resulting in synergistic activation of  Mesp  in 
these cells alone (Christiaen et al.  2009 ). A 
Pem1-dependent timing mechanism has been 
proposed to help coordinate the precise overlap 
in time of these transcriptional cascades in the 
B7.5 (Tolkin and Christiaen  2012 ). 

 Experiments carried out in  Ciona intestinalis  
and later extended to other ascidian species 
revealed that the CPPs are specifi ed from the 
B7.5 lineage by FGF signaling (Davidson et al. 
 2006 ; Cooley et al.  2011 ). FGF-dependent acti-
vation of the ERK pathway and its effector, the 
transcription factor Ets.b, results in upregulation 
of a core of cardiac regulatory network genes and 
cell migration effector genes (Davidson and 
Levine  2003 ; Davidson et al.  2006 ; Beh et al. 
 2007 ; Christiaen et al.  2008 ). In contrast, their 
sister cells do not activate the ERK pathway and 
the cardiopharyngeal program and are instead 
specifi ed as anterior primary larval muscle cells, 
as they inherit some myoplasm. 

 The CPPs detach from their sister cells and 
migrate anteriorly into the head (Hirano and 
Nishida  1997 ). In  Ciona intestinalis , they migrate 

  Fig. 4.19    The B7.5 lineage and cardiopharyngeal meso-
derm. Diagram of the cell division and morphogenetic 
events of the B7.5 lineage, which gives rise to the cardio-
pharyngeal progenitor cells ( CPPs ) that will generate the 
heart and atrial siphon muscles ( ASM ) of the juvenile/
adult. Refer to text for details.  ATMs  anterior tail muscles, 
 FHPs  fi rst heart precursors,  SHPs  second heart precur-

sors,  ASMFs  atrial siphon muscle founder cells,  ASMPs  
atrial siphon muscle precursors,  HPs  heart precursors, 
 OSM  oral siphon muscles,  ASM  atrial siphon muscles, 
 LoM  longitudinal body wall muscles,  Myh.c  Myosin 
heavy chain.c (also known as  MHC3 ),  Myh.b  Myosin 
heavy chain.b (also known as  MHC2 ) (Figure is adapted 
from Wang et al. ( 2013 ))       
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along a ventral path and are thus called trunk ven-
tral cells (TVCs), but in other species such as 
 Molgula  spp., these cells undertake a more lateral 
migration (Stolfi  et al.  2014 ). 

 In the head, the CPPs undergo two rounds of 
asymmetric cell division to give rise to ventral/
medial heart progenitors and dorsal/lateral pha-
ryngeal muscle progenitors. The pharyngeal 
muscle progenitors are specifi ed by a  Tbx1/10- Ebf 
cascade (Stolfi  et al.  2010 ; Wang et al.  2013 ; 
Razy-Krajka et al.  2014 ), which is antagonized 
by Nk4 in the heart precursors. The heart pro-
genitors remain quiescent in the larva until 
needed for heart organogenesis during metamor-
phosis. On the other hand, the adult muscle pro-
genitors migrate to dorsal regions and surround 
the excurrent siphon primordia while the larva is 
still swimming (Fig.  4.19 ). 

 During metamorphosis, cardiac and pharyngeal 
muscles differentiate, each expressing a unique 
suite of muscle structural genes (Stolfi  et al.  2010 ; 
Razy-Krajka et al.  2014 ). The pharyngeal muscle 
progenitors will further migrate and proliferate to 
elaborate the musculatures of the excurrent siphon 
and the peribranchial chamber, which comprises 
essentially the entire body wall of the adult (Hirano 
and Nishida 1997; Razy- Krajka et al.  2014 ). Given 
the striking parallels in ontogeny and clonal topol-
ogy between the cardiopharyngeal mesoderm in 
ascidians and vertebrates, it has been proposed 
that ascidian pharyngeal muscles are homologous 
to certain craniofacial muscles in vertebrates 
(Stolfi  et al.  2010 ; Tzahor and Evans  2011 ; Tolkin 
and Christiaen  2012 ).  

   Notochord Formation 
 The notochord, one of the defi ning chordate 
traits, is the most salient feature of the ascidian 
larva and serves primarily as a hydrostatic skele-
ton required for the biomechanics of swimming 
(Jiang and Smith  2007 ). It is a single column of 
40 cells, which are vacuolated late in larval devel-
opment to form a hollow tube. Embryologically, 
the notochord has two origins (Fig.  4.20 ). The 32 
primary notochord cells are derived from the 
A-line, specifi cally the A7.3 and A7.7 blasto-
meres. The remaining eight secondary notochord 

cells, occupying the posterior tip of the noto-
chord, are derived from the B8.6 blastomere.  

 The primary notochord precursors are induced 
by an FGF signal and activate transcription of 
 Brachyury  ( Bra ).  Bra  is suffi cient and necessary for 
notochord fate in  Ciona  and  Halocynthia  (Yasuo 
and Satoh  1998 ; Takahashi et al.  1999 ). Later, the 
secondary notochord precursors are induced by 
Delta-Notch signaling to also activate  Bra  (Hudson 
and Yasuo  2006 ). Upstream factors also regulating 
 Bra  activation in both lineages include Foxa and 
Foxd, while Zic-related appears to be required for 
 Bra  only in the primary notochord precursors (Imai 
et al.  2002a ,  b ,  2006 ; Wada and Saiga  2002 ; Yagi 
et al.  2004 ; Kumano et al.  2006 ). 

 At the moment of gastrulation, notochord pre-
cursors are fate restricted and begin to ingress, 
prior to dividing twice to give rise to the fi nal 
number of notochord cells. The cells form a noto-
chord plate, which undergoes convergent exten-
sion, contributing to the elongation of the tail 
(reviewed in Jiang and Smith  2007 ). Final differ-
entiation of the notochord involves the deposition 
of extracellular luminal matrix by each notochord 
cell. These lumens then fuse with each other to 
generate a single tube extending along the length 
of tail (Dong et al.  2009 ). 

 Downstream of Bra, approximately 450 genes 
have been identifi ed as being upregulated in the 
notochord (Hotta et al.  1999 ; Takahashi et al. 
 1999 ). Of these, some are direct targets of Bra, 
with earlier-activated targets containing more 
Bra binding sites in upstream cis-regulatory 
sequences than targets activated later, which typi-
cally contain only one binding site (Katikala 
et al.  2013 ). There are also indirect targets of Bra, 
mediated by transcription factors that are direct 
Bra targets (Katikala et al.  2013 ). All in all, the 
notochord genes constitute a diverse group of 
proteins involved in several steps of notochord 
morphogenesis and differentiation.  

   Mesenchyme 
 With the exception of the anterior portion of the 
notochord, mesodermal cells in the head of the 
larva are undifferentiated and have been collec-
tively referred to as “mesenchyme” due to their 
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loose, seemingly disorganized distribution. These 
cells undergo an epithelial-to-mesenchymal transi-
tion after gastrulation and engage in proliferation 
and migration to varying degrees. Among these, 
there is usually a strong distinction made between 

the B7.5-derived cardiopharyngeal progenitors and 
mesenchyme derived from the A7.6, B7.7, and 
B8.5 pairs of blastomeres (Tokuoka et al. 2004). 

 The most anterior mesodermal lineage, the 
A7.6, has been reported to give rise to diverse 

A B

C D
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  Fig. 4.20    The ascidian notochord. ( A ) 110-cell stage 
 Ciona intestinalis  embryo. The primary notochord precur-
sors are false colored in  green ; the secondary notochord 
precursors are colored in  orange . ( B ) Early tailbud stage 
embryo, with the cluster of intercalating notochord cells 
outlined by the  dotted line . ( C ) Notochord in a mid-tail-
bud stage embryo, showing a single row of cells in the 
“stack of coins” confi guration. Secondary notochord lin-

eage colored in  orange . ( D ) Magnifi ed view of boxed area 
in ( C ). ( E ) Notochord cells in late tailbud stage embryo, 
already elongated and undergoing vacuolization. ( F ) 
Vacuolization of notochord cells is complete in the larva, 
with the unifi ed lumens resulting in one long hollow tube 
running the entire length of the notochord. Scale bars in 
all panels equal 50 μm (© Alberto Stolfi , 2015. All Rights 
Reserved)       
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adult tissues including hematopoietic (blood) 
cells, gill slit lining, part of the stomach and peri-
branchial chamber, and incurrent (oral) siphon 
muscles (Hirano and Nishida  1997 ; Tokuoka et al. 
 2005 ). There were discrepancies between A7.6 
tracing in different species, and new tools like 
photoconvertible intracellular fl uorescent proteins 
may be needed to ascertain whether these repre-
sent true species-specifi c differences. The remain-
ing mesenchymal lineages, B7.7 and B8.5, have 
been reported in  Ciona  as giving rise to blood 
cells as well as diverse cells that come to populate 
the adult tunic, whereas in  Halocynthia roretzi  
they are described as giving rise to tunic cells only 
(Hirano and Nishida  1997 ; Tokuoka et al.  2005 ). 

 FGF signaling and the basic helix-loop-helix 
(bHLH) factor Twist-related    were shown to be 
required for specifi cation of mesenchyme (Imai 
et al.  2002a ,  2003 ; Tokuoka et al.  2005 ), but little 
else is known about the developmental events 
and processes involved in specifi cation and dif-
ferentiation of A7.6, B7.7, and B8.5 mesenchy-
mal derivatives of the adult.   

    Development of the Endoderm 

 Endoderm specifi cation occurs immediately 
downstream of vegetally localized, stabilized 
maternal Beta-catenin, in part by activation of 
Lhx3/4 (Imai et al.  2000 ; Satou et al.  2001 ). In 
the  Ciona intestinalis  larva, there are approx. 500 
endodermal cells, the majority of these residing 
in the head while a minority comprises the endo-
dermal strand, a single column of cells that runs 
underneath the notochord to the posterior tip of 
the animal. The endoderm is largely undifferenti-
ated upon hatching, but undergoes a process of 
differentiation while the larva is still swimming, 
in preparation for settlement and metamorphosis 
(Nakazawa et al.  2013 ). 

 Cell tracing experiments in  Halocynthia ror-
etzi  revealed that the clonal boundaries of these 
cells in the larva were invariant and could be 
traced to blastomeres in the pre-gastrula embryo 
(Hirano and Nishida  2000 ). Furthermore, differ-
entiated adult organs could be traced to specifi c 
regions of the endoderm fate map in the larva, 
indicating that the “anlagen” of these organs are 

laid out in the larva and are not signifi cantly rear-
ranged during metamorphosis. However, there 
was variation among individuals in the contribu-
tions of each blastomere to the fi nal differentiated 
organs, suggesting that the endoderm is patterned 
at the larval stage in a position-dependent manner 
by extrinsic cues, and not according to determin-
istic, lineage-dependent processes. Late in larval 
development, the digestive tract rudiment can be 
seen to undergo tubular morphogenesis 
(Nakazawa et al.  2013 ), while in those species 
that show adultation, these and other organs are 
fully formed at the moment of larval hatching.  

    Primordial Germ Cells 

 The highly asymmetric divisions of the posterior 
vegetal end of the embryo eventually give rise to 
the B7.6/B7.6 pair of blastomeres, the smallest 
and most posterior cells in the pre-gastrula 
embryo. They are kept transcriptionally silent 
through inheritance of  Pem1  mRNAs and protein. 
They also inherit other postplasm components 
including the homolog of the major metazoan 
germ cell marker Vasa (Fig.  4.21 ; Takamura et al. 
 2002 ; Brown and Swalla  2007 ; Brown et al. 
 2009 ; Shirae-Kurabayashi et al.  2006 ).  

 After gastrulation, these cells end up in the ven-
troposterior portion of the larval tail. Each B7.6 
cell divides and gives rise to two daughter cells: 
B8.11 and B8.12.  Vasa  mRNAs and protein are 
asymmetrically inherited by the more posterior 
B8.12 cell, whose descendants are eventually 
incorporated into the adult gonad and give rise to 
the animal’s germ line (Takamura et al.  2002 ; 
Shirae-Kurabayashi et al.  2006 ). Thus, the B8.12 
cells are the primordial germ cells (PGCs). 
Curiously,  Pem1  is asymmetrically inherited by 
B8.11, suggesting the PGCs are released from 
global transcriptional repression around this stage. 

 It was found that germ cells could be second-
arily induced in adults generated from larvae in 
which the tail, and therefore the B8.12-derived 
primary germ cells, had been severed. This sug-
gests that there may be mechanisms that allow 
for induction of secondary germ cells in case the 
primary germ line is somehow lost (Takamura 
et al.  2002 ). 
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 Taken as a whole, ascidian embryos are excel-
lent organisms in which to observe cellular pro-
cesses in vivo and investigate the function of 
genes involved in such processes. The gene regu-
latory networks of the ascidian embryo (Fig.  4.5 ) 
have been considerably annotated, but these net-
works so far have mostly concerned the connec-
tions among the transcription factors and 
signaling pathways. More recently, our knowl-
edge of these networks has started to extend to 
their interface with the realm of effector genes – 
those that do not directly regulate transcription 
but rather interact with other proteins to carry out 
mechanical or enzymatic functions. The best- 
studied effector genes are those that are respon-
sible for the unique properties of differentiated 
cells, also known as terminal differentiation 
genes. More challenging genes to study are those 
that are involved in transient cellular properties 
and behaviors like polarity, motility, adhesion, 
contractility, and other components of morpho-
genesis. There have been some notable examples 
where the genes controlling these processes in 
the ascidian embryo were discovered. For 
instance, forward genetic screens for notochord 
morphogenesis defects in  Ciona  identifi ed genes 
required for the convergent extension of this tis-
sue (Jiang et al.  2005 ; Veeman et al.  2008 ). A 
later phase of notochord morphogenesis, namely, 
the formation of the notochord tube, has been 
studied using a combination of sophisticated 

imaging of fl uorescently tagged proteins and tar-
geted disruption of candidate genes (Dong et al. 
 2009 ,  2011 ; Denker et al.  2013 ; Deng et al.  2013 ). 
Finally, cell-specifi c transcriptome profi ling can 
reveal those genes upregulated during morpho-
genesis, which was done for the migrating CPPs 
and revealed several candidate migration genes 
(Christiaen et al.  2008 ). Although the tissues and 
cell types investigated thus far are not many, the 
future for research on cellular morphogenesis in 
ascidian embryos holds great promise.  

    Early Development of Other 
Tunicates 

 Recently acquired evidence suggests that the 
thaliaceans and larvaceans, once thought to be 
distinct from ascidians, appear to group within 
the paraphyletic Ascidiacea. Phylogenetic trees 
strongly support the placement of a monophy-
letic Thaliacea squarely within the phlebobranch 
ascidians, i.e., Enterogona (Tsagkogeorga et al. 
 2009 ). Phylogenetic support for a revised classi-
fi cation of the larvaceans as the sister group to the 
stolidobranch ascidians is not as strong, but 
embryological data suggest they may be highly 
derived ascidians (Stach et al  2008 ; Fujii et al. 
 2008 ). Here, we discuss what is known about 
developmental processes in these less- frequently 
studied groups. 

A B

  Fig. 4.21    The primordial germ cells ( PGCs ) of solitary 
and colonial styelid ascidians. RNA-dependent helicase 
 Vasa  transcripts are shown as early PGC marker. ( A )  Vasa  
transcripts in blue for the solitary  Boltenia villosa . ( B ) 
 Vasa  transcripts marked by  white arrowheads  in the 

closely related colonial  Botrylloides violaceus . Note that 
in both cases  Vasa - positive  cells are localized to a few 
posterior cells of the early embryos. Developmental 
stages are noted below each panel. Scale bar in ( A ) equals 
50 μm (From Brown et al. ( 2007 ,  2009 ))       
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   Larvaceans: Reduction and Neoteny 
 In the larvaceans, as the name implies, there is no 
morphological contrast between the embryo/
larva and the adult. Larvaceans are planktonic 
tunicates that retain a functional notochord and 
paraxial musculature throughout their entire 
adult lives. These constitute a true postanal tail 
that has been adapted to beat vigorously and gen-
erate water currents through the “house,” an intri-

cately sculpted cellulosic fi ltration apparatus 
(Fig.  4.22 ). This house is shaped through the pat-
terning of the head epidermis into a complex 
landscape of specialized cells that secrete spe-
cifi c subsets of oikosins, the major protein com-
ponent of the house (Fig.  4.22 ; Spada et al.  2001 ; 
Thompson et al.  2001 ; Hosp et al.  2012 ). The 
house is many times the size of the actual animal 
and utilizes a series of canals and fi lters to trap 

A B

C

  Fig. 4.22    The larvacean house. ( A ) Lateral view of an 
 Oikopleura dioica  individual and surrounding house. 
Anterior is to the  top right . ( B ) Illustration of the animal 
and house depicted in ( A ). Animal is colored in  orange. 
Black arrows  indicate the direction of water currents that 
are swept into the house by beating of the animal’s tail and 
through the fi lter apparatus of the house.  Red arrow  indi-
cates movement of food particles toward the animal’s 

mouth. ( C ) Oikoplastic epidermis of  O. dioica  stained 
with Hoechst ( left ) and To-Pro3 ( right ), revealing cell 
nuclei. Different fi elds of cells have had their nuclei false 
colored to highlight the different fi elds that shape the 
house through synthesis and secretion of various proteins, 
including oikosins (Panels ( A ,  B ) were adapted from 
Bouquet et al. ( 2009 ); (panel  C ) was adapted from Hosp 
et al. ( 2012 ))       
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particle food. The animal can eject from its house 
and does so with some regularity, some fi ve to ten 
times per day, synthesizing a new one in just 
10 minutes (Alldredge  1977 ).  

 Occasionally imagined as representing the 
common ancestor of all tunicates, these remark-
able creatures likely evolved from an ascidian- 
like ancestor instead (Stach et al.  2008 ). 
Secondarily evolved heterochronies superim-
posed on the biphasic development of ascidians 
would have resulted in neoteny. This view is sup-
ported by recent tunicate phylogenies that place 
larvaceans within the ascidian tree, although 
these analyses are hampered by long- branch 
attraction problems (Tsagkogeorga et al.  2009 ). 
On the other hand, other analyses have placed the 
larvaceans as the sister group to all other tuni-
cates (Delsuc et al.  2006 ,  2008 ). 

 The larvacean embryo and developmental 
times are even more reduced than those of soli-
tary ascidians. The complete life cycle of the spe-
cies  Oikopleura dioica  is only 5 days at 20 °C. 
Gastrulation occurs at the 32-cell stage, as 
opposed to gastrulation in ascidians which hap-
pens at the 110-cell stage (Fujii et al  2008 ). The 
embryo is also mostly fate restricted at this stage, 
and this map is very similar to the ascidian fate 
map, in spite of the fewer cells (Nishida 2008; 
Stach et al.  2008 ). Each cell lineage develops in a 
way that is very reminiscent of the homolog in 
ascidian embryos, albeit clearly reduced in cell 
numbers (Fig.  4.23 ). For instance, there are 20 
notochord cells at the end of embryogenesis, as 
opposed to 40 in most solitary ascidians (Nishino 
et al.  2001 ).  

 Strikingly, only a fraction of the  Ciona  noto-
chord toolkit genes are expressed in the 
 Oikopleura dioica  notochord (13/50), and half of 
them are completely absent from the  O. dioica  
genome (Kugler et al.  2011 ). How larvaceans 
cope with a reduced number of genes to build a 
notochord is not yet clear. Since the larvacean tail 
is used to draw the water current through the ani-
mal’s house, as opposed to a larval dispersal 
mechanism, it is highly elaborated during the lar-
val and adult stages, as notochord cells prolifer-
ate to generate over 100 cells arranged into four 
longitudinal columns (Søviknes and Glover 
 2008 ). It is possible that this difference in gene 
expression underlies the adaptation of the larva-
cean notochord for this purpose. 

 Another clear example of cell count reduction 
during embryogenesis is seen in the neural plate, 
which is comprised of just two columns of four 
cells each when neurulation begins (Fujii et al. 
 2008 ), as opposed to the eight columns and six 
cells of the  Ciona  and  Halocynthia  neural plates. 
Additionally, larvacean tail muscles are made of 
only a single row of ten cells on either side of the 
notochord (Nishino et al.  2000 ), in contrast to the 
18 or 21 cells per side seen in typical ascidian 
larvae. 

 Given these striking parallels with the 
slightly more complex embryos of solitary 
ascidians, it seems reasonable to conclude that 
larvaceans may be descended from a sessile, 
solitary ascidian- like ancestor, but have special-
ized in part through reduction in cell number, 
basic toolkit gene number, and acceleration of 
development.  

  Fig. 4.23    The ascidian and larvacean fate maps. 
Comparison between the typical solitary ascidian and 
 Oikopleura dioica  (larvacean) embryonic fate maps. The 

ascidian fate map is largely based on the work of Nishida 
( 1987 ) and the  Oikopleura  map based primarily on Stach 
et al. ( 2008 ) and Fujii et al. ( 2008 )       

 

A. Stolfi  and F.D. Brown



175

   Embryonic Development of Thaliaceans 
 Although the thaliaceans are pelagic and free 
swimming in their adult phase, they are very 
distinct from the larvaceans and represent an 
alternative evolutionary trajectory from an 
ascidian-like ancestor. They resemble pelagic 
ascidians, fi lter-feeding as they fl oat in the 
water column. Salps use muscular contractions 
of the pharyngeal cavity to generate locomo-
tion by jet propulsion. They constantly produce 
and consume mucous nets that trap particles 
passing through the pharyngeal cavity, which 
allows for simultaneous fi lter feeding and loco-
motion. As a result, they can fi lter a prodigious 
amount of water. Doliolids also move about 
through jet propulsion, but their feeding and 
swimming are separate functions, as they use 
cilia to draw particles through the mucous 
feeding net, being similar in this manner to 
ascidians. Pyrosome colonies move through 
the combined fl ow of each minuscule zooid, 
which is generated by cilia as well (reviewed in 
Alldredge and Madin  1982 ). 

 Pyrosomes and salps lack a caudate larval 
stage and both have direct developing embryos 
(Julin  1912 ; Berrill  1950a ,  b ; Sutton  1960 ). Of 
the three main orders in Thaliacea, only certain 
species of the doliolids have a tadpole-like larva 
(Godeaux  1955 ), which has been used as a 
reminder of their ascidian pedigree and to sup-
port evidence for phylogenies that place them as 
the sister group to the salps + pyrosomes 
(Tsagkogeorga et al.  2009 ). However, a more 
recent and complete phylogeny that includes a 
higher number of thaliacean species supports 
a salp + doliolid clade with the pyrosomes in a 
basal position (Govindarajan et al.  2010 ), sug-
gesting independent losses of the tadpole stage in 
pyrosomes and salps (Fig.  4.1 ). 

 A complete review of thaliacean development 
was last compiled by Bone ( 1998 ). Pyrosome 
embryogenesis is direct, giving rise to a peculiar 
embryo termed “cyathozooid” (Huxley  1851 ). 
The cyathozooid differentiates on top of a yolk 
droplet and sprouts a stolon under the droplet, 
which forms four buds by constriction. These 
buds will develop into the four initial blastozo-
oids (called tetrazooids in this specialized case) 

that develop around the cyathozooid, which 
quickly degenerates afterward. 

 Perhaps the most specialized developmental 
mode observed in all of the tunicates occurs in 
the salps. In early embryogenesis, invading folli-
cle cells separate the blastomeres, which come 
back together again later in development (Todaro 
 1880 ; Sutton  1960 ). The function of this deliber-
ate fragmentation of the early embryo has never 
been ascertained. 

 Doliolid embryonic development occurs from 
internally fertilized eggs and generates a pelagic 
chordate-like larva, which will eventually differ-
entiate the typical barrel-shaped form of doliolid 
zooids in its head, while the tail regresses to form 
the oozooid of the asexually reproducing 
generation. 

 Relatively little else is known about thaliacean 
development, and much less is known about the 
underlying molecular mechanisms. All three 
orders are capable of asexual reproduction, and 
salps and doliolids have complex alternation of 
sexual and asexual generations (see below). We 
can only hope that major developmental studies 
in the thaliaceans will be revived quite soon, in 
time for the next round of reviews and book 
chapters.    

    LATE DEVELOPMENT 

 Ascidian embryonic development, as reviewed in 
the previous section, is highly conserved, being 
nearly indistinguishable between some distantly 
related species. In contrast, there is a greater 
diversity observed in later stages of development. 
The following section will focus on some of these 
differences in late larval development, such as 
heterochronic shifts, the distinct modes of asex-
ual reproduction, and blastogenesis in the colo-
nial ascidians. Therefore, while the previous 
section relied heavily on studies using  Ciona 
intestinalis  and  Halocynthia roretzi , the follow-
ing section will mostly focus on comparative 
work done across several species to provide a 
comprehensive overview of late larval, early 
adult, and blastogenic development in the 
Tunicata. 
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    Late Larval Development 

 Developmental timing of embryogenesis and 
larval development differs between solitary and 
colonial ascidians. Solitary free-spawning 
ascidians develop rapidly: embryogenesis 
occurs within 8–48 h of fertilization (e.g., 15 h 
in  Ciona intestinalis , 9 h in  Molgula occidenta-
lis ), and hatched larva then swims freely for sev-
eral hours or even days before settlement. In 
contrast, colonial species that brood have rela-
tively longer periods of embryogenesis that can 
take anywhere from days to weeks (e.g., 
5–6 days in  Botryllus schlosseri  or 4–6 weeks in 
 Botrylloides violaceus ), but present shorter lar-
val periods that only last between several min-
utes to a couple of hours after they have been 
released (e.g., 1–2 h in  Botryllus schlosseri ). 
However, in both solitary and colonial ascidi-
ans, the larval period is nonfeeding and serves 
primarily for dispersion. 

 A few hours after hatching (or immediately 
after hatching, in the case of some colonial spe-
cies), ascidian larvae acquire the ability (or 
“competency”) to respond to settlement cues 
from the environment (Figs.  4.24  and  4.25 ). 
Competent larvae actively seek suitable locations 
and substrates on which to settle. The preferred 
cues will obviously vary according to the eco-
logical niche of the species in question. For many 
solitary species, competent larvae seek protected 
and dark places, often settling on rocks or hard 
substrates with indirect sunlight. Biological cues, 
such as naturally occurring bacteria (Roberts 
et al.  2007 ), and physical cues such as trauma, 
crowding, or stress (Degnan et al.  1997 ; Davidson 
and Swalla  2002 ) have been used to artifi cially 
induce metamorphosis in different ascidian 
species.   

 Billie Swalla and collaborators found that 
immune genes are highly expressed at the early 
onset of metamorphosis in ascidians, suggesting 

A B

C D

  Fig. 4.24    Metamorphosis in ascidians. ( A ) Events of 
metamorphosis highlighting players and pathways 
involved (© Biodidac, 2015. All Rights Reserved). ( B ) 
Representation of embryonic cell lineages that contribute 
to the juvenile and adult; note that many cells undergo cell 
death ( black crosses ) and that mostly endoderm and 
mesoderm contribute to the adult (From Brown et al. 
(2012)). ( C ) Comparison of the endostyle of different 

tunicates shows resemblance in their organization and 
dorsolateral iodine-containing and peroxidase activity 
regions of the thyroid gland (in  black ) (Adapted from 
Fredriksson et al. ( 1988 )). ( D ) Gene expression pattern 
supports homology between the endostyle of cephalo-
chordates and ascidians with the endostyle of the lamprey 
(Adapted from Ogasawara et al. ( 1999 ,  2001 ), Hiruta 
et al. ( 2005 ), Kluge et al. ( 2005 ))       

 

A. Stolfi  and F.D. Brown



177

A

B

C

D

E

F

  Fig. 4.25    Larval release and settlement (metamorphosis) 
of an unidentifi ed  Botryllus  sp. from Santa Marta, 
Colombia. ( A ) Ventral view of the brooding colony hours 
before larval release; many round larvae can be seen in 
between the zooids. ( B ) Larvae right after hatching and 
release. ( C ) Larval head that shows the protruding ampul-
lae (or papillae) in the anterior region of the head. ( D ) 

Attaching larva with extended ampullae; eye spot and tail 
still present. ( E ) Oozooid just before the opening of the 
siphons; almost regressed tail and eye spot can still be 
observed. ( F ) Completely differentiated oozooid;  Am  
ampulla,  As  atrial siphon,  En  endostyle,  Ht  heart,  Os  oral 
siphon. Scale bar equals 100 μm (Courtesy of L. Restrepo 
(Universidad de los Andes))       
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that the activation of the innate immune system 
may occur at this stage. One intriguing explana-
tion for this is that the innate immune system is 
deployed in sensing microbiota or bacterial bio-
fi lm as cues for settlement. Another possibility 
may be a direct involvement of immune cells in 
later metamorphic events including remodeling 
or phagocytosis of larval tissues (Davidson and 
Swalla  2002 ). One question that remains to be 
answered is whether the immune system response 
observed in these cases is specifi c to ascidian 
metamorphosis or whether it also plays a role in 
the metamorphic events of other tunicates or 
chordates. 

 Most solitary species’ larvae have three adhe-
sive papillae (palps) in the anterior end of the 
head that function in adhesion to the substrate 
and in responding to settlement cues. In response 
to environmental stimuli, the papilla-associated 
tissues (PATs) activate the expression of EGF 
signaling components (e.g., Hemps, Cornichon, 
Meta1) and thrombospondins. Thrombospondins 
are secreted extracellular proteins known to bind 
several ligands and are involved in many cellular 
processes, including tissue formation or repair 
(Eri et al.  1999 ; Davidson and Swalla  2001 ; 
Nakayama et al.  2001 ). 

 The activation and regulation of signaling 
pathways in PATs is followed by the release of 
noradrenaline/adrenaline (Kimura et al.  2003 ) 
and the activation of transduction pathways such 
as JNK and ERK in the larval CNS (Tarallo and 
Sordino  2004 ; Chambon et al.  2007 ). Further evi-
dence supporting signaling from the PATs to the 
CNS comes from the disruption of sensory vesi-
cle retraction (a key step in metamorphosis) in 
papilla-cut larvae of  Ciona intestinalis  
(Nakayama-Ishimura et al.  2009 ). In summary, 
environmental stimuli are sensed by the PAT, 
which then signals to the nervous system to trig-
ger the onset of metamorphosis.  

    Metamorphosis 

 Metamorphosis involves a radical transition in 
the life cycle of indirect-developing organisms. 
Larval body and behavior are remodeled into 

their fi nal adult forms (Fig.  4.24 ), in order for the 
individual to occupy a different ecological niche. 
Tissue-remodeling processes during animal 
metamorphosis are known to occur mainly 
through the activation of programmed cell death 
in larval tissues and the differentiation of juvenile 
and adult tissues. 

 There is variation in the degree of change that 
results from metamorphosis among the different 
chordate taxa: it may be absent or minimal as in 
mammals or birds, subtle as in fi sh that undergo 
slight changes in fi ns and gut, more pronounced 
as in fl atfi sh or cephalochordates that undergo 
rotation of parts of their bodies, or extreme as in 
frogs or tunicates that can lose entire larval struc-
tures and rapidly generate adult tissues and 
organs. However, this is not the same “cata-
strophic” metamorphosis of some animals such 
as echinoderms (cf. Chapter   1    ), ectoprocts (cf. 
Vol. 2, Chapter   11    ), or others, in which an entire 
adult body is practically generated de novo from 
a few cells, with little input from embryonic pat-
terning. Even in tunicates, the majority of adult 
structures arise from primordia that have been 
specifi ed, patterned, and primed for differentia-
tion during the course of embryogenesis and lar-
val development. 

 Because of the great diversity of metamorphic 
transformations observed in the chordates, these 
were long thought to have evolved independently. 
In the following, studies of metamorphosis are 
described for several tunicates including those on 
ascidian model species, focusing on how such 
studies have contributed to our understanding of 
the origins of metamorphosis in the chordates 
and deuterostomes in general. 

 Due to the dramatic transformation of the non-
feeding larvae into the sessile feeding juveniles 
and adults of ascidians, these have been used pri-
marily as experimental study models for meta-
morphosis in the tunicates. Few studies on 
metamorphosis have been carried out in larva-
ceans, which do not feature a strong contrast 
between the larval and adult forms, and, to our 
knowledge, no work has been done on metamor-
phosis in Thaliacea. While some species of dolio-
lid thaliaceans present tailed larvae, all species of 
salps and pyrosomes have dispensed their larval 
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stage entirely and instead directly develop into an 
oozooid from the sexual cycle to reproduce asex-
ually (Bone  1998 ). 

   Key Steps in Ascidian Metamorphosis 
 A rapid regression of the larval tail marks the 
onset of metamorphosis in the ascidians. We have 
already discussed the key events that precede 
metamorphosis, including the activation of a sen-
sitive period that allows the larva to respond to 
external stimuli (i.e., competency), the secretion 
of adhesives by the palps to facilitate attachment 
to the substrate and signaling by the larval PAT 
and CNS (Fig.  4.24A ). Upon settlement, rapid 
regression starting at the most posterior tip of the 
larval tail is mediated by a few distinct mecha-
nisms. These include apoptosis of tunic cells, 
epidermis, notochord, tail muscle, and dorsal 
neural tube (Chambon et al.  2002 ), contractile 
morphogenetic events of either epidermal or 
muscle cells in the tail that generate the forces for 
resorption (Cloney  1982 ), or migration of cells of 
the tail (e.g., endodermal strand and PGCs) into 
the head, which has now become the entire body 
of the animal (Shirae-Kurabayashi et al.  2006 ; 
Nakazawa et al.  2013 ). 

 The relative modularity of these different 
steps in metamorphosis is demonstrated by the 
striking phenotypes of certain genetic mutants. In 
 Ciona intestinalis , two mutants showing meta-
morphic defects have been studied: (1)  swimming 
juvenile  ( sj ), a transposon-generated cellulose 
synthase mutant strain, and (2)  tail regression 
failed  ( trf ), a naturally isolated mutant strain. 
Both mutants show that several key steps in meta-
morphosis can occur even in the absence of larval 
tail regression (Nakayama-Ishimura et al.  2009 ). 
These mutants clearly show that the developmen-
tal processes of metamorphosis are indeed decou-
pled from each other. 

 In  Ciona intestinalis , tail regression is pre-
ceded by a decrease in endogenous nitric oxide 
(NO) signaling (Fig.  4.24A ). While NO was 
found to delay metamorphosis, in part through 
inhibition of caspase-dependent apoptosis 
(Comes et al.  2007 ), it was also found to promote 
ERK signaling during the acquisition of compe-
tency (Bishop et al.  2001 ; Comes et al.  2007 ; 

Castellano et al.  2014 ). Although the same inhib-
itory effect of NO on metamorphosis was 
observed in  Boltenia villosa  and  Cnemidocarpa 
fi nmarkiensis , the opposite was found in 
 Herdmania momus , in which NO appears to pro-
mote metamorphosis (Ueda and Degnan  2013 ). 
These results point to complex roles for NO 
immediately prior to and after the onset of meta-
morphosis, which may vary from species to 
species.  

   Remodeling of the Larval Body 
 Metamorphosis proceeds with the remodeling of 
the larval body and differentiation of the juvenile 
tissues and organs for another 1 or 2 days (approx. 
36 h in  Ciona intestinalis  or 24–36 h in  Botryllus 
schlosseri ) (Fig.  4.25 ). Some of the major events 
of remodeling in the larval head concern the 
regression of the papillae (extended during settle-
ment), the release of the larval tunic, the forma-
tion of epidermal extensions termed ampullae, 
and a 90° rotation of the larval AP body axis so 
that the oral and atrial siphons of the juvenile 
come to lie opposite to the site of attachment to 
the substrate and sensory vesicle regression 
(Cloney  1982 ; Nakayama-Ishimura et al.  2009 ). 
Mesenchyme cells begin substantial migration 
within and across the epidermis of the differenti-
ating juvenile, giving rise to their various deriva-
tives including blood and tunic cells. Additional 
undifferentiated endoderm and mesoderm pre-
cursors develop into the organs and musculature 
of the adult. 

 In late embryonic and early larval develop-
ment, apoptosis appears to occur in many mesen-
chymal and CNS progenitors (Tarallo and 
Sordino  2004 ), but these fi ndings are in stark 
contrast to lineage tracing experiments that fi nd 
invariant contributions of specifi c embryonic 
blastomeres to specifi c juvenile tissues and 
organs. Apoptosis is observed in mesenchymal 
cells that generally give rise to blood and muscle 
in the juvenile, although a role for programmed 
cell death in these progenitors is unclear 
(Fig.  4.24B ). In the larval CNS, two waves of 
apoptosis have been reported, one pre- 
metamorphic anterior-posterior wave that pro-
gresses from the sensory vesicle in the head along 
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the nerve cord to the tip of the tail and a second 
metamorphic wave from posterior to anterior that 
follows regression (Tarallo and Sordino  2004 ). 

 In contrast to the extensive cell death observed 
in the nerve cord, the brain, and the motor gan-
glion, most of the anterior sensory vesicle and the 
neck region actually contribute to the adult CNS 
(Tarallo and Sordino  2004 ; Horie et al.  2011 ). 

 In summary, developmental processes of 
ascidian metamorphosis largely redeploy the cel-
lular processes that are universal for any develop-
ing system, such as apoptosis, proliferation, 
migration, and differentiation. However, more 
work will be needed to understand exactly how 
they are regulated in the metamorphosing ascid-
ian juvenile.  

   Thyroid Hormone Metabolism 
in Ascidian Metamorphosis 
 The series of events that occur during metamor-
phosis require regionalized responses to systemic 
signals. Therefore, one can hypothesize that a 
common and plesiomorphic endocrine mecha-
nism evolved to regulate metamorphosis in all 
chordates. Triiodothyronine (T3) and its prohor-
mone, thyroxine (T4), collectively referred to as 
thyroid hormones (THs), regulate basal metabo-
lism in vertebrates and serve as the trigger of 
metamorphosis in amphibians and fi sh (Furlow 
and Neff  2006 ; Gomes et al.  2014 ). In these ver-
tebrates, a peak in the level of T3 in the blood is 
associated with the onset of metamorphosis. Ever 
since the discovery that the thyroid gland, specifi -
cally the THs produced by its follicular cells, 
triggers metamorphosis in frogs (Gudernatsch 
 1912 ; Allen  1925 ), much research has been car-
ried out to unravel the mechanism of TH action in 
other vertebrates (Holzer and Laudet  2013 ). 
However, the role of THs in the metamorphosis 
of invertebrates is not well understood. 

 Studies in ascidians and cephalochordates 
have revealed TH synthesis activity during meta-
morphosis, and T4 inhibitor treatments were 
found to suppress metamorphosis of competent 
larvae (D’Agati and Cammarata  2006 ). 
Furthermore, thyroid hormone receptor (TR) 
homologs have been identifi ed both in  
Ciona intestinalis  and the cephalochordate 

 Branchiostoma fl oridae . Therefore, there is evi-
dence to support the plesiomorphic nature of thy-
roid hormone metabolism in chordates. However, 
it was found that ascidian and cephalochordate 
TRs are mainly activated by TRIAC, a TH deriv-
ative that is also present in mammals but at much 
lower concentrations. Furthermore, these inverte-
brate chordate receptors cannot bind T3, the most 
active vertebrate thyroid hormone (Carosa et al.  
 1998 ; Paris et al.  2008 ). In contrast to the high 
sequence similarity between the DNA-binding 
domains of all chordate TRs, there is poor 
sequence conservation in the ligand-binding 
domains of ascidian and cephalochordate TRs. 
This further suggests that TRIAC, and not canon-
ical THs, is the active ligand of basal chordate 
TRs. Surprisingly, recent evidence suggests that 
both T3 and T4 regulate the metamorphosis of 
sand dollars (Saito et al.  1998 ; Heyland and 
Hodin  2004 ), which raises the possibility that TH 
metabolism was involved in metamorphosis even 
in the last common deuterostome ancestor. 
Further studies are needed in the protostomes to 
test for TH involvement in metamorphosis of ear-
lier bilaterians or even metazoans.  

   The Endostyle: Precursor to the Thyroid 
Gland 
 The endostyles of tunicates and cephalochordates 
have long been recognized as homologous to the 
thyroid gland of vertebrates, a connection fi rst 
suggested by A. Dohrn at the Stazione Zoologica 
in Naples, Italy (Dohrn  1886 ). 10  In both ascidians 
and cephalochordates, the endostyle forms a 
groove along the ventral edge of the pharynx and 
contains distinct functional “zones” of special-
ized cells. The general organization of functional 
zones in the endostyles of ascidians and cephalo-
chordates is essentially the same, although the 
overall number of zones may vary (Fig.  4.24C, 

10   Curiously, the Stazione Zoologica has an old tradition 
of TH research. It was the same place where in 1910 
J.F. Gudernatsch made the initial observations that the 
thyroid gland acted on the induction of metamorphosis, 
but as he did not trust his original results because the 
organs he used were not fresh, he published his fi ndings a 
couple of years later from research done in Prague 
(Gudernatsch  1912 ; Brown and Cai  2007 ). 
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D ): the zones in the bilateral dorsal-most crest- 
like region of the endostyle closer to the pharynx 
concentrate iodine and contain peroxidase activ-
ity essential for thyroid-like activity, whereas the 
ventral-most inner groove region contains alter-
nating zones that serve either as support elements 
or secrete mucoproteins that coat the pharynx to 
facilitate capture of food particles (Bone et al. 
 2003 ; Hiruta et al.  2005 ; Sasaki et al.  2003 ). 
Physiological similarities that support homology 
of the endostyle and the thyroid gland are backed 
by conserved gene expression patterns in the 
developing endostyle. Orthologs of the vertebrate 
thyroid markers TPO, TTF-1, Pax2/5/8, FoxE4, 
FoxQ1, and FoxA have been shown to be 
expressed in the endostyles of both ascidians and 
cephalochordates (Fig.  4.24D ; for details, see 
Hiruta et al.  2005 ). 

 The adult solitary ascidian endostyle of  Ciona 
intestinalis  derives from an endostyle primordium 
formed by anterior and ventral endodermal cells 
in the head of the larva. Within a day of metamor-
phosis, this primordium elongates and differenti-
ates (Jacobs et al.  2008 ). The rapid and anticipatory 
differentiation of the endostyle observed in  C. 
intestinalis  and other phlebobranchs that show a 
relatively delayed onset of metamorphosis sug-
gests that TH production may be crucial for the 
completion of metamorphic differentiation. 
However, in stolidobranchs (e.g.,  Herdmania 
momus ), the endostyle differentiates only at the 
end of metamorphosis along with all other juve-
nile structures, arguing against an important role 
for the endostyle in metamorphosis. 

 This apparent incongruence might be disen-
tangled if other cell types, before endostyle dif-
ferentiation, produced THs. Seemingly resolving 
this issue, D’Agati and Cammarata ( 2006 ) 
reported that THs are produced by mesenchyme 
cells of mesodermal origin, completely unrelated 
to the endostyle. These cells were found scattered 
throughout the head, particularly behind the papil-
lae and at the basal and posterior region of the 
head of several phlebobranch ascidian species. 

 Although further characterization of the spe-
cifi c roles and targets of THs is necessary, a com-
parative study of TH larvae of different species 
may reveal whether endocrine mechanisms are 

employed to modulate heterochronic develop-
ment in ascidians (i.e., adultation). In summary, 
ascidian metamorphosis relies on information- 
carrying systems such as the nervous system, the 
endocrine system, and particularly the immune 
system, in order to coordinate a response to envi-
ronmental cues, which involves an intricate and 
highly regulated redeployment of developmental 
processes to drastically reconfi gure the individu-
al’s body.   

    Asexual Reproduction: Modes 
of Budding (Blastogenesis) 

 The considerable variation observed in the devel-
opmental modes of budding in the tunicates 
(ascidians and thaliaceans) is indicative of the 
independent evolution of asexual reproduction 
and coloniality. Several evolutionary transitions 
to colonialism have been identifi ed in the tuni-
cates, which are accompanied by several mor-
phological, developmental, and reproductive 
changes, such as miniaturization of individual 
body size, primarily asexual reproduction by 
budding and brooding (Davidson et al.  2004 ). 
Fully developed larvae are released from the col-
ony to rapidly metamorphose and begin the asex-
ual cycle of development, otherwise known as 
budding or blastogenesis. In all modes of bud-
ding, the epidermis of new individuals derives 
from preexisting epidermal progenitors, suggest-
ing that mechanisms of epidermal cell replenish-
ment may act locally at the sites of budding and 
may not differ all that much between solitary and 
colonial species. In contrast, the endodermal 
(pharynx, gut, etc.) and mesodermal (muscle, 
heart, etc.) derivatives originate from distinct pre-
cursor tissues in different species. In an attempt 
to identify homologous developmental mecha-
nisms of budding, a comparison of bud precursor 
tissues and cells involved in this process will be 
reviewed next for several species of ascidians. 

   Budding in Ascidians 
 In colonial stolidobranchs (specifi cally in 
 Polyandrocarpa misakiensis ,  Botryllus  schlosseri , 
and  Symplegma reptans ), the endoderm- derived 
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outer epithelium surrounding the branchial sac 
(known as the peribranchial epithelium) contrib-
utes to the formation of mesendodermal tissues 
of the peribranchial buds. Circulatory mesenchy-
mal cells or hemoblasts also contribute to these 
buds. Evaginations of the lateral peribranchial 
epithelium and epidermis form an early bud that 
resembles a double vesicle (Fig.  4.26 ). The inner 
vesicle derived from the peribranchial epithelium 
undergoes a series of folds that will generate 
most organ primordia. In between the double 
vesicle, mesenchymal progenitors or hemoblasts 
are thought to contribute to the differentiation of 
several tissues and organs, including the pharynx, 
muscles, and mantle (Sabbadin et al.  1975 ). One 
well-documented example includes the participa-
tion of hemoblasts in the differentiation of mus-
cle cells near the oral siphon primordium, 
presumably induced by the oral epidermis 
(Sugino et al.  2007 ).  

 An extensive amount of research demonstrat-
ing somatic stem cell exchange in chimeric colo-
nies of  Botryllus schlosseri  suggests that 
circulatory mesenchymal progenitors are respon-
sible for the differentiation of zooids with distinct 
genotypes in the same colony (Pancer et al.  1995 ; 

   Stoner and Weissman  1996 ). Serial transplanta-
tions of circulatory stem cells between different 
colonies showed that at least two distinct popula-
tions of progenitors occur in the circulatory cells 
of the colony, including germ line and at least one 
somatic stem cell lines. It was also shown that a 
minimum of 5.000 transplanted circulatory mes-
enchyme cells was suffi cient to establish a new 
genotype in the chimera. From this we can esti-
mate the occurrence of one stem cell for every 
5.000 mesenchymal cells in the blood 11  (Laird 
et al.  2005 ). In certain species of stolidobranchs 
such as  Botryllus  and  Botrylloides  spp., the dou-
ble vesicle stage is also observed in vascular 
buds. In these buds, the outer vesicle is formed 
from the evagination of the ectodermal vascula-
ture (Fig.  4.26 ), which connects the zooids of the 
colony, whereas the inner vesicle is formed from 
the accumulation and differentiation of circula-
tory mesenchymal cells within the outer vesicle 
instead originating from an epithelium (Brown 

11   A stem cell ratio of 1:5.000 in the blood is a relatively 
high number of circulatory stem cells; for comparison, in 
humans 1:5.000–10.000 bone marrow cells are stem cells 
and 1:100.000 nucleated blood cells are stem cells. 

A B C D

E F

  Fig. 4.26    Blastogenic stages in the botryllid ascidians. 
( A – D ) Developmental events of budding in  Botrylloides 
violaceus , stage is shown below to the  left , and the time in 
days is below to the  right . ( E ) Representation of botryllid 
development.  Arrowheads  point to primary buds. ( F ) 

Representation of the origin and contribution of the dou-
ble vesicle stage that is recapitulated during embryogene-
sis and blastogenesis of botryllids (Adapted from Brown 
et al. ( 2007 ,  2009 ) and Tiozzo et al. ( 2008 ))       
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et al.  2009 ). Three possible mechanisms have 
been suggested for the origin of circulatory mes-
enchymal progenitors in the stolidobranchs: (1) 
dedifferentiation of the atrial epithelium and 
transdifferentiation of these cells into new epithe-
lia, e.g., intestinal epithelial cells (Kawamura and 
Fujiwara  1995 ; Kawamura et al.  2008 ), (2) self- 
renewal of pluri- or multipotent cells in the circu-
latory system that may differentiate into distinct 
cell fates (Freeman  1964 ; Laird and Weissman 
 2004 ; Laird et al.  2005 ; Kürn et al.  2011 ; Brown 
and Swalla  2012 ), and (3) self-renewal of pluri- 
or multipotent cells in stem cell niches that circu-
late and differentiate into distinct cell fates 
(Voskoboynik et al.  2008 ; Rinkevich et al.  2013 ; 
Jeffery  2014 ). 

 In aplousobranchs that are exclusively colo-
nial, bud development is strictly associated with 
the presence of the epicardium, an endoderm- 
derived epithelium that extends from the base of 
the pharynx to the pericardium, covering the 
entire abdominal or postabdominal regions of the 
zooid. Thus, colony propagation by budding is 
generally activated after settlement of the larva 
and specifi cally when the oozooid has differenti-
ated. However, the most precocious case of bud-
ding in colonial ascidians has been documented 
in the Holozoidae (i.e.,  Distaplia  and 
 Hypsistozoa ), in which zooids can already differ-
entiate in the larval head of the swimming larva 
(see below) and also generate larval buds or pro-
buds that can self-replicate or differentiate into 
new zooids. Other mechanisms of bud formation 
documented in the aplousobranchs include stro-
bilation (specifi cally in  Aplidium  spp.,  Eudistoma  
spp., and  Pycnoclavella  spp.), stolonial budding 
(specifi cally in  Clavelina lepadiformis ), and 
pyloric budding (specifi cally in  Diplosoma liste-
rianum  and  Didemnum  spp.). 

 Strobilation occurs by the constriction of 
abdominal or postabdominal segments (Nakauchi 
 1982 ,  1986 ; reviewed in Brown and Swalla 
 2012 ). Each segment generates an independently 
developing bud that detaches from the parental 
zooid and begins to differentiate in neighboring 
areas of the tunic. As each segment develops 
from distinct regions along the length of the 
abdomen or postabdomen, bud primordia may 

vary according to the amount of initial tissue and 
cell types they inherit. In stolonial budding of 
 Clavelina lepadiformis  (   Brien and Brien-Gavage 
 1927 ), budding stolons sprout radially from the 
base of the zooid, specifi cally from the post- 
thoracic region containing the epicardium. Each 
of the stolons undergoes an enlargement of the 
tip, which later detach from the parental zooid to 
form independently developing stolonial buds 
(Berrill  1951 ). In contrast, pyloric buds form 
between the thoracic and abdominal regions of 
the zooid where the esophagus, stomach, and 
pyloric gland are located. This corresponds to the 
site where the epicardium of the zooid prevails 
(reviewed in Brown and Swalla  2012 ; Nakauchi 
 1982 ). The thoracic region of the parental zooid 
develops a new abdomen, whereas the parental 
abdomen develops a new thoracic region. 
Therefore, this budding mode forms two daugh-
ter zooids from one single parental zooid. 

 In colonial phlebobranchs (specifi cally 
 Perophora viridis  and  P. japonica ), buds form at 
regular intervals along tubular structures also 
known as stolons, which connect the zooids of 
the colony. The stolons consist of epidermal 
diverticula that project from the base of each 
zooid and spread through the substrate, thus 
expanding the reach of the colony. Both the sto-
lons of  Perophora  and the colonial vasculature of 
 Botryllus  are ectodermally derived but differ 
greatly in form and function. In  Perophora , sto-
lons are covered by a thin tunic and grow external 
tubular networks in direct contact with the sub-
strata, whereas the vasculature of  Botryllus  gen-
erates a network of canals within a common and 
more solid tunic of the colony. Within the lumen 
of a stolon, there is a single-layered epithelium 
derived from mesenchyme or from the septum 
that partitions the stolon, allowing for blood fl ow 
in opposite directions (Freeman  1964 ; Mukai 
et al.  1983 ). 

 Since the earliest observations of budding in 
 Perophora , Kowalevsky ( 1874 ) already noted the 
contribution of the septum for the formation of 
stolonial buds; he wrote: “… die innere Haut der 
Knospe durch eine Verdickung der Scheidewand 
der Wurzeln …”, i.e., “… the inner layer of the 
bud is formed from a thickening of the stolonial 
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septum ….” In fact, cuboidal cells in the budding 
zone of the septum acquire a columnar shape and 
form a small vesicle on the upper part of the sep-
tum at a close distance (approx. 100–200 μm) to 
the tips of the stolons; these are the earliest rec-
ognizable structures of a stolonial bud (Deviney 
 1934 ; Kawamura et al.  2008 ). 

 As the vesicle grows, several circulatory mes-
enchymal cells are incorporated, the epidermis of 
the stolon protrudes, and organ primordia con-
tinue to differentiate (Deviney  1934 ). Among the 
circulatory mesenchymal cells that were observed 
to integrate in the developing bud, a lymphocyte- 
like undifferentiated cell type – similar in cyto-
logical characteristics to the hemoblasts in 
botryllids – was also seen. Some cellular charac-
teristics of these undifferentiated lymphocyte- 
like cells have also been observed in the budding 
zone cells of the septum, including a large nucle-
olus and a mitochondria-rich cytoplasm, demon-
strating the possible mesenchymal origin of bud 
progenitor cells (Kawamura et al.  2008 ). 
Furthermore, the stem cell potential of these cells 
alone was demonstrated by the rescue of irradi-
ated colonies after transplantation of isolated 
lymphocytes (Freeman  1964 ). Therefore, this 
experiment unequivocally demonstrates that cir-
culatory lymphocytes in phlebobranchs are nec-
essary and suffi cient for budding. Attempts to 
rescue irradiated botryllids after hemoblast trans-
plants have not been successfully achieved (Laird 
and Weissman  2004 ), which may be suggestive 
of distinct stem cell potentiality in these two pop-
ulations of undifferentiated circulatory mesen-
chymal cells. The homology between these two 
stem cell types remains to be tested. 

 Another mode of budding known as “terminal 
budding” has been reported in  Perophora japon-
ica  and includes the participation of the septum 
and the incorporation of many circulatory mesen-
chymal cells at the tip of the stolon to form a ter-
minal stellate bud that serves as a propagule 
(Mukai et al.  1983 ). The stellate buds develop 
three to six epidermal projections, detach from 
the stolon, and drift away by currents. These 
pelagic buds will eventually settle again; the stel-
late projections of the pelagic bud turn into stolo-
nial primordia that grow and begin to form new 

zooids by stolonial budding. Therefore, a limited 
input of circulatory mesenchymal cells into the 
bud occurs at a very early stage before detach-
ment cuts off this mesenchymal cell source, in 
contrast to constant contribution of mesenchymal 
cells to the stolonial buds.  

   Budding in Thaliaceans 
 In colonial, pelagic thaliaceans, stolonial bud-
ding is used to rapidly multiply when environ-
mental conditions are optimal for growth. Salps 
form chains of buds that emerge by terminal con-
striction of internal stolons in the oozooid, which 
undergo differentiation into long chains of blas-
tozooids that often remain attached. The stolons 
specifi cally form from the pericardium and are 
organized into epidermis, endoderm derived from 
tissues of the endostyle, and mesodermal tissues 
surrounding the heart. As the stolon grows, con-
striction occurs in several terminal segments 
forming a series of blastozooids that will develop 
and mature synchronously. As chains of blasto-
zooids differentiate, older segments of blastozo-
oids in the most distal parts of the chain release 
sperm and fertilize the eggs of the younger, more 
proximal blastozooids. However, blastozooids 
can survive either as chains or as solitary forms 
when detached from the chains (Brooks  1893 ). 

 In contrast, pyrosomes begin to bud by stolo-
nial budding during embryonic development, 
when the developing embryo (or cyathozooid, 
see above) gives rise to an initial colony of four 
blastozooids (the tetrazooids) (Bone  1998 ). 
These blastozooids continue to generate stolons, 
which undergo constriction to form additional 
blastozooids, thus expanding the colony. There is 
no solitary phase, as pyrosomes are obligate 
colonials. 

 Doliolids have the most complex life cycles of 
all thaliaceans. Fertilization and embryonic devel-
opment occur internally in the gonozooid. After 
the larvae are released, a metamorphic-like event 
results in the development of the oozooid. The 
oozooid next forms a posterior-dorsal  stolonial 
primordium that will continue to grow and 
undergo stolonial budding by terminal constric-
tion. These buds then migrate independently to 
the posterior ventral edge of the doliolid and align 
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to form three rows of buds, which will eventually 
develop into specialized blastozooids. These 
include trophozooids, specialized for feeding and 
responsible for nurturing the entire colony, and 
phorozooids which develop into the free-living 
hermaphroditic sexual gonozooids. At this stage, 
the original oozooid ceases feeding, being nur-
tured by its trophozooids, and becomes special-
ized for navigating and transporting the colony 
(Bone  1998 ; Paffenhöfer and Köster  2011 ).   

    Life History Evolution 

   On the Biphasic Nature of Ascidian 
Development 
 Of the major chordate-specifi c traits, the noto-
chord, dorsal hollow nerve cord, and somites 
(represented as a single iteration of paraxial 
mesoderm that gives rise to the larval muscles) 
are only present at the larval stage. In contrast, 
other chordate characters such as the endostyle, 
the pharyngeal gill slits, and the branchiomeric 
muscles are fully formed only in the juvenile. 
Thus, the claim that metamorphosis “replaces” 
the chordate body plan of the larva with an 
ascidian- specifi c adult plan is not accurate at a 
detailed anatomical level. Either stage features a 
unique subset of chordate-specifi c anatomical 
structures. In this way, the chordate body plan in 
ascidians is biphasic in time, but ever (partially) 
present through the life of the individual. The 
continuity of the chordate body plan in tunicates 
is clearest in larvaceans, for obvious reasons, and 
in those ascidian species that undergo anural 
development or adultation (discussed below). 

 From an ontological point of view, this bipha-
sic nature does not mean the larval and adult 
phases are discontinuous. On the contrary, there 
is a clear linear ontological progression of all the 
major adult structures from primordia that are 
specifi ed and patterned during the course of 
embryogenesis and undergo morphogenesis and 
differentiation even as the larva is swimming. As 
such, it is more akin to a “swimming embryo” 
than a true larva. 

 The contrast between motile, nonfeeding larva 
and sessile, fi lter-feeding adult is likely a result of 

heterochrony relative to the ancestral chordate, 
with larval structures quickly differentiating and 
adult structures being slower to differentiate. 
Even this heterochrony is not absolute. As will be 
explained below, in perhaps the majority of ascid-
ian species, this boundary between larva and adult 
is not clearly defi ned (due to widespread occur-
rence of adultation) and in some cases does not 
exist at all (i.e., in direct developing species). 

 Ultimately, the evolution of the tunicates from 
a vermiform ancestor must have involved the 
acquisition of a biphasic developmental mode 
through heterochrony, with later secondarily 
derived heterochronies (adultation and direct 
development). With the exception of the germ 
cells, the intestine, and the nervous system, this 
partitioning between adult and larval components 
correlates with their location in either the head 
(mostly adult) or tail (mostly larval). The germ 
cells are set aside prior to gastrulation and are 
physically contained within the tail during the 
larval phase. Immediately upon settlement, the 
germ cells and surrounding endoderm cells 
migrate into the head during tail retraction, which 
precedes all other events that occur during meta-
morphosis. Within the nervous system, the frac-
tured rudiment of the adult CNS can be found 
interspersed with the fully differentiated compo-
nents of the larval CNS along the AP axis (Dufour 
et al.  2006 ; Horie et al.  2011 ). This is probably 
due to historical contingency, the result of descent 
from an ancestor with a brain-like structure ante-
rior to those compartments controlling homoch-
ronic feeding and locomotion functions. 

 In contrast, the separation of adult feeding/
respiration and larval locomotor functions in 
time mirrors the strict separation of the meso-
derm into anterior (head: branchial/pharyngeal 
muscles, vasculature, heart, blood cells) and 
posterior (tail: swimming muscles, notochord) 
compartments. Whether or not this spatial 
 compartmentalization was already partially 
 completed in the last common ancestor of tuni-
cates and vertebrates and whether this could 
have represented a precondition for additional 
temporal compartmentalization are two of the 
more intriguing questions surrounding the ori-
gins of tunicates.  

4 Tunicata



186

  Fig. 4.27    Adultation of ascidian larvae. A composite of 
several illustrations of works by N. J. Berrill on larvae 
of several species of ascidians showing varying degrees 

of adultation or premature differentiation of the juvenile 
stage while the larva is still swimming (From Berrill, 
 various works)       

  Fig. 4.28    Evolutionary reconstruction of ascidian adulta-
tion, brooding, and budding modes.  Left : head anatomy of 
ascidian swimming larvae shows different degrees of adulta-
tion (see text for details). With some variation, solitary 
ascidian larvae show a lower degree of adult differentiation 
in the head compared to colonial forms ( shaded box ). 
Exceptional cases include (1) two cases of anural develop-
ment (direct development) in the stolidobranchs ( squared 
brackets ); (2)  Molgula citrina  that presents the highest 
degree of adultation among solitary species ( solid rectan-
gle ), a labeled cross section of the head that has been 
included to show detail of the internal anatomy (Adapted 
from Grave  1926 ); (3) the Diazonidae that present the low-
est degree of larval adultation among colonial species 
( dashed rectangle ).  Center : species that brood their embryos 

irrespective of species-specifi c differences are marked with 
the “brood” symbol ( gray  individual with  black  spots repre-
senting the embryos); note that  Molgula citrina  and other 
solitary styelids can brood in the peribranchial cavity.  Right : 
schematic representation of the distinct budding modes 
( bold  and  capital letters ) is shown; color code represents tis-
sues of endodermal ( yellow ), mesodermal ( red ), and ecto-
dermal origins ( blue ); the epicardium (important tissue for 
budding, see text for details) of the Enterogona is shown in 
 orange ; germ layer derivatives shown for every case of bud-
ding have only been labeled in  Botrylloides leachi. Minus  
( − ) signs represent absence of that character, and  question 
marks  ( ? ) show cases in which some controversy occurs in 
the literature regarding the trait (Modifi ed from Millar 
( 1971 ) and Brown and Swalla ( 2012 ))       
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   Adultation and Heterochrony 
in Development 
 The precocious differentiation of adult structures 
during the embryonic or larval stages is known as 
adultation (Fig.  4.27 ). This heterochrony in 
development, which blurs the line between larva 
and adult, can be observed in different ascidian 
species, having likely evolved independently 
multiple times.  

 Among ascidians, one sees variation in the 
extent of adultation (Fig.  4.28 ), with some spe-
cies, like  Molgula citrina , showing limited 
adultation, while others, like  Ecteinascidia tur-
binata , showing extensive growth and differen-
tiation of adult structures, supported by highly 
elaborated larval structures such as a tail with 
increased number of muscle cells, required for 
the larva to swim in spite of its greater mass. 
This increase in size and complexity of larval 
structures (muscle, notochord, motor ganglion) 
is termed “caudalization.” In some species of 
colonial ascidians that undergo adultation, lar-
vae may already be carrying asexually repro-
ducing buds, or blastozooids, and thus constitute 
a “swimming colony.” It is tempting to specu-
late that this odd confi guration of an oozooid 
larva carrying a blastozooid bud might be an 
evolutionary forerunner to the acquisition of 
“catastrophic” metamorphosis. A simple heter-
ochrony could result in the senescence of the 
larva/oozooid before the initiation of metamor-
phosis and in the initiation of the adult stage by 
the blastozooid. 12  This would lead to the dis-
continuity between embryonic patterning and 
adult body seen in echinoderms, entoprocts, 
and other taxa.  

 In one recent study, three non-adultative phle-
bobranch ascidian species were found to be prone 
to slight adultation if metamorphosis was artifi -
cially delayed, while there was no such regulative 
adultation seen in the three stolidobranch ascidi-
ans assayed (Jacobs et al.  2008 ). This suggests 
that adultation may be dynamically regulated. 

12   This is technically what occurs in pyrosomes, in which 
the oozooid generates a few blastozooids and immedi-
ately senesces. However, because pyrosomes are direct 
developers and the oozooids and blastozooids share 
a common body plan, this is not seen as a catastrophic 
metamorphosis. 

Such a capacity to “anticipate” metamorphosis 
could compensate for the negative consequences 
of delayed metamorphosis, which might happen 
if the right environmental cues for settlement are 
not present. While this conclusion was supported 
by the correlation between length of competency 
period and tendency toward adultation, the phy-
logenetic signifi cance of this fi nding awaits a 
larger sampling of species. 

 Adultation goes hand in hand with increased 
egg size and ovoviviparity, in which eggs, 
embryos, and hatchlings are brooded inside the 
parental individual or colony (Table  4.2 ). This is 
probably due to an increased threat of predation 
on the energetically rich, yolky eggs that are 
required to sustain the development of adultative 
larvae. There is also a strong association between 
adultation and coloniality, which has also arisen 

   Table 4.2    Egg sizes of primitive (non-adultative) and 
adultative species of ascidians   

 Primitive (non-adultative) developers 

 Species  Size of egg (μm) 

  Ascidiella aspersa   170 
  Boltenia echinata   170 
  Ciona intestinalis   160 
  Diazona violacea   160 
  Halocynthia pyriformis   260 
  Molgula manhattensis   110 
  Phallusia mammillata   160 
  Styela canopus   150 

 Adultative developers 

 Species  Size of egg (μm) 

  Aplidium nordmanni   380 
  Clavelina lepadiformis   260 
  Dendrodoa grossularia   480 
  Distomus variolosus   590 
  Hypsistozoa fasmeriana   25 *  
  Molgula citrina   200 
  Stolonica socialis   720 

  Modifi ed from Berrill ( 1930 ). Top: egg size of species that 
develop into “primitive”-type larvae that do not undergo 
adultation. This is considered the ancestral condition, due 
to the nearly identical embryos of distantly related species 
that develop in this manner (e.g.,  Ciona  vs.  Halocynthia ). 
Bottom: egg sizes and species whose larvae show adulta-
tion. Most adultative species develop from larger and 
more yolk-laden eggs. Asterisk (*) indicates the exception 
to this, the viviparous  Hypsistozoa fasmeriana , whose 
eggs are entirely devoid of yolk and are nurtured by the 
parental colony through a placenta-like structure (see text, 
Fig.  4.29 , and Brewin ( 1956 ) for more details  
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B

  Fig. 4.29    True viviparity in  Hypsistozoa fasmeriana . ( A ) 
Colonies of  Hypsistozoa fasmeriana  (Photograph by Paul 
Caiger) (© Paul Caiger, 2015. All Rights Reserved). ( B ) 
Illustrations of  H. fasmeriana  colonial and embryonic 
development.  Top left : young colony.  Top middle : senescing 
colony, preparing for shedding of larvae.  Top right : anatomy 
of  H. fasmeriana  zooid showing embryo being brooded in 
attached brood pouch.  Bottom left : structure of  H. fasmeri-

ana  embryo and associated ectotroph, an extra-embryonic 
tissue. Endodermal tubes connect the brood pouch with the 
lumen of the gut of the embryo, presumably to transfer food 
and nutrients from the parent to the embryo.  Bottom right : 
large larva with numerous buds in an advanced stage of dif-
ferentiation (a swimming colony) (Illustrations in ( B ) are 
reproduced with permission from Brewin (1956):   http://jcs.
biologists.org/content/s3-97/39/435.short    )       
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independently in different ascidian families 
(Fig.  4.28 ). There are, however, some notable 
exceptions, such as the adultative solitary  Molgula 
citrina  or non-adultative colonial  Diazona  spp. 
Possible explanations for the association between 
coloniality and adultation are discussed below.

   Some adultative species appear to have 
evolved true viviparity, with secondary reduction 
in egg size since nutrients now can be passed 
from parent to daughter during development. 
This appears to be the case between the closely 
related  Botryllus  and  Botrylloides  genera (Berrill 
 1935 ). A more extreme example of viviparity is 
found in  Hypsistozoa fasmeriana , which has 
extremely small eggs (approx. 25 μm diameter), 
whose growth into large “swimming colonies” or 
compound larvae, each comprising an oozooid 
plus several blastozooids in various stages of 
development, depends on transfer of food through 
a connection between the colony’s brood pouch 
and the embryo’s gut (Fig.  4.29 ; Brewin  1956 ).   

   Maximum Direct Development 
 There are some very rare examples in which 
direct development and adultation have been 
combined in a process of “direct adultation,” also 
called “maximum direct development,” in which 
early embryonic development may truly bypass 
the formation of a larva (urodele or anural) prior 
to differentiation of adult structures. The maxi-
mum direct developers potentially include 
 Polycarpa tinctor  (Millar  1962 ),  Pelonaia corru-
gata  (Fig.  4.28 ; Millar  1954 ), and  Molgula paci-
fi ca  (Young et al.  1988 ; Bates  2002 ), although in 
all these cases a detailed stage-by-stage descrip-
tion of development is lacking and we are left 
without any certainty about how development in 
these species occurs. It is hypothesized that the 
various species with anural development fi nd 
themselves at different stages of an evolutionary 
transition toward maximum direct development.  

   Embryogenesis vs. Blastogenesis 
 Only after metamorphosis do ascidians begin to 
feed and grow. In solitary species, the settled 
juvenile grows and matures as a single individ-
ual. In colonial species, the settled juvenile is 
called the oozooid (Fig.  4.25 ), i.e., the founding 

individual of a colony derived from sexual repro-
duction. The oozooid then activates asexual bud-
ding cycles (i.e., blastogenesis) to generate 
blastozooids, individuals derived from asexual 
generations or blastogenesis (Fig.  4.26 ). 
Although oozooids and blastozooids show cer-
tain anatomical differences, such as different 
arrangement of the pharyngeal slits of the bran-
chial sac, the general organization and body plan 
are maintained. Also, expression patterns of 
many developmental genes that are expressed in 
embryogenesis are redeployed during the devel-
opment of the bud. For example,  Botryllus 
schlosseri  orthologs of  Six ,  Eya , and  FoxI  (tran-
scription factors associated with the vertebrate 
placode network) expressed in anterior and pos-
terior placodal regions in the metamorphosing 
larva are also expressed in corresponding ante-
rior and posterior regions of the developing bud 
(Tiozzo et al.  2005 ; Gasparini et al  2013 ). The 
anterior placode region will eventually differen-
tiate into cells of the oral siphon, ciliated duct, 
and cerebral ganglion, whereas the posterior 
placode region will differentiate into cells of the 
atrial siphon of both oozooid and blastozooid, 
similar to their development in solitary ascidians 
(Mazet et al.  2005 ) and larvaceans (Bassham and 
Postlethwait  2005 ). 

 Contrary to the reported effects of thyroid hor-
mone inhibitors on  Ciona intestinalis  juveniles 
during metamorphosis, the thyroid hormone inhib-
itor thiourea was found to accelerate bud develop-
ment and inhibit stolon growth in the colonial 
phlebobranch  Perophora orientalis . Conversely, 
the thyroid derivative thyroxine inhibited bud 
development but induced stolon growth (Fukumoto 
 1971 ). These results provide an exciting opportu-
nity to compare modular effects of endocrine sig-
naling during zooid differentiation between 
metamorphosis and blastogenesis. However, the 
expression patterns of the main thyroid pathway 
genes remain to be elucidated in ascidians. 

 Future work is needed to compare develop-
mental mechanisms of the earliest stages of 
embryogenesis vs. blastogenesis, in order to 
identify similarities and differences in patterning 
events between bud progenitors and early blasto-
meres. In sum, the existence of dual  developmental 
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trajectories (sexual vs. asexual) to generate the 
same body form in a single species provides an 
excellent opportunity to address questions about 
developmental pathway co-option in evolution.  

   Evolution of Coloniality 
 Within the deuterostomes, the hemichordate 
pterobranchs (Chapter   2    ) and many species of 
tunicates have a colonial stage in their life cycle. 
Colonies are defi ned as aggregates of individuals 
that are “connected together, either by living 
extensions of their bodies, or by material that they 
have secreted” (Barrington  1967 ). In the tunicate 
literature, colonies with living extensions that 
interconnect the individuals have been referred to 
as “social forms,” whereas colonies that secrete 
material to embed the individuals have been 
referred to as compound forms (Milne- Edwards 
 1841 ; Pérez-Portela et al.  2009 ). In deutero-
stomes, the colonial life stage is generally initi-
ated after metamorphosis. Asexual reproduction 
of the colony occurs by clonally generating new 
individuals from preexisting juvenile or adult tis-
sues. Curiously, individuals of most species that 
form colonies are (1) smaller in size than their 
closely related solitary species clades, (2) able to 
brood and release larvae with a high degree of 
adultation (see above), and (3) imbued with highly 

regenerative and propagative potentials (Davidson 
et al.  2004 ; Brown and Swalla  2012 ). 

 The current phylogeny of Deuterostomia 
supports the idea that coloniality in this group 
has evolved independently multiple times but 
that the ability to regenerate was likely present 
in the ancestral deuterostome. In the clade com-
prised by the questionable Xenacoelomorpha + 
Ambulacraria (Fig.  4.1 ), coloniality only occurs 
in the pterobranchs, but regenerative potential 
has also been documented for the harrimaniids, 
ptychoderids, echinoderms, and xenacoelo-
morphs (see Chapters   1     and   2    ; Vol. 1, Chapter 
  9    ). Among the Chordata, ascidians are the only 
subphylum that show convergent evolution of 
coloniality in several species that also have full 
regenerative potential (i.e., whole body regen-
eration). Regenerative potential, albeit much 
more modest (i.e., tissue, organ, and structure 
regeneration), has also been reported in solitary 
ascidians, cephalochordates (Somorjai et al. 
 2012 ), some Craniata/Vertebrata, and, most 
remarkably, platyhelminths (see Vol. 2, Chapter 
  4     for a detailed account on regeneration in the 
latter). Therefore, we can speculate that devel-
opmental mechanisms of asexual reproduction 
and regeneration preceded the establishment of 
colonial lifestyles. 

A B C

  Fig. 4.30    Vertical transmission mechanisms of photo-
symbionts in didemnid ascidian larvae. ( A ) Prochloron 
cyanobacteria ( green ) embedded within the larval tunic. 
( B ) Prochloron attached to hairlike projections and tunic 
folds in the posterior region of the larval head that does 

not contain larval tunic. ( C ) Prochloron attached and 
inserted into the rastrum, a T-shaped extension of larval 
ectoderm in the posterior-dorsal region of the larval head 
(Modifi ed from Kott ( 2001 ))       
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 Conceptual arguments on life history trade- 
offs between individual forms and cooperative 
entities such as colonies are starting to emerge 
(see recent published books edited by Calcott and 
Sterelny  2011 ; {Inserting} Bouchard and 
Huneman  2013 ). However, we are far from 
understanding how selective forces act to co-opt 
developmental  modules in the evolution of such 
higher-level  organized forms. To begin to address 
this question, it is necessary to fi rst identify the 
developmental processes associated with 
coloniality.  

   Photosymbiosis in Colonial Didemnid 
Ascidians 
 Last, but not least, symbiosis occurs between an 
oxygenic photosynthetic cyanobacteria and sev-
eral tropical colonial ascidian species of the 
Didemnidae. The symbiont  Prochloron  spp. 
(Kühl et al.  2012 ) is found associated, almost 
exclusively, with four different genera of didem-
nids:  Diplosoma ,  Lissoclinum ,  Didemnum , and 
 Trididemnum  (Yokobori et al.  2006 ).  Prochloron  
is usually present in the outer surface of the tunic, 
within the common cloacal system of the colony, 
or embedded in the tunic as either free-living 
cells or intracellularly in tunic cells.  Prochloron  
is transmitted vertically from the mother colony 
to the daughter colonies by three distinct mecha-
nisms: (1) by direct attachment into a sticky pos-
terior region of the larval head before the larvae 
are released, (2) by encapsulating into a special-
ized pouch-like organ in the posterior head of the 
larvae, or (3) by the transmission of  Prochloron - 
containing  tunic cells with intracellular 
 Prochloron  from the mother colony to the devel-
oping larval tunics while brooding (Fig.  4.30 ; 
Kott  2001 ; Yokobori et al.  2006 ; Hirose and 
Hirose  2007 ).  

 The evolution of vertical transmission mecha-
nisms of the host species suggests an obligate 
symbiotic interaction in which the didemnid 
ascidians provide shelter for the symbiont and 
the prochloron provides protection. Two protec-
tion mechanisms have been suggested: (1) UV 
screening mechanisms by producing mycospo-

rine-like amino acids (MAAs) (Kühl et al.  2012 ) 
and (2) cyanobactins (toxins) to protect the 
ascidians from predators or parasites (Donia 
et al.  2011 ). In sum, didemnid ascidians provide 
an opportunity to study the effects of symbiosis 
in development and the recurrence and particular 
adaptations of this biological interaction across 
several species.    

    OPEN QUESTIONS 

   Tunicate/Chordate Origins 
•   What was the tunicate ancestor like?  
•   How did it evolve from the olfactorean 

ancestor?  
•   Which (if existing) are the autapomorphies of 

Olfactores (Tunicata + Vertebrata)?   

  Tail Loss in the Molgulids 
•   How much do the multiple, independent cases 

of evolutionary loss of the larval tail structures 
in the Molgulidae have in common at the 
molecular or cellular levels?  

•   Is there a common point of evolutionary con-
vergence for the different anural species?  

•   Did those species exhibiting direct develop-
ment evolve from indirectly developing tail-
less species?   

  Adultation of Colonial Ascidian Larvae 
•   How are the much bigger larvae of certain 

colonial ascidians formed?  
•   How have they evolved presumably from a 

simple larva of the solitary kind?  
•   Do the mechanisms involved in patterning 

and growth of these larger embryos resemble 
in any way perhaps those lost in the, presum-
ably, drastically reduced ascidian ancestor?   

  Evolution of Larvaceans 
•   Did Appendicularia evolve from an ascidian- 

like stock or did they evolve directly from 
free-swimming, pelagic ancestors?  

•   If they evolved from a sessile ascidian ances-
tor, what were the embryological and gene 
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regulatory hurdles that needed to be overcome 
in order for larvaceans to break free from the 
constraints of the typical solitary ascidian 
embryo archetype?  

•   What are the mechanisms that regulate larva-
cean metamorphosis, and how conserved are 
these with the rest of the tunicates?   

  Evolution and Development of Thaliaceans 
•   What are the relationships among the thali-

acean orders (pyrosomes, salps, and 
doliolids?  

•   How did complex life cycles evolve in this 
class?  

•   How far do metamorphic events in the thali-
aceans resemble those of other tunicates?  

•   What are the underlying molecular and genetic 
mechanisms of thaliacean development?   

  Regeneration and Coloniality 
•   How closely do the mechanisms of blastozo-

oid patterning resemble those that pattern the 
embryo/oozooid?  

•   How is the formation and regression of zooids 
modulated in colonial species?  

•   What are the signaling mechanisms that 
orchestrate the synchronized differentiation of 
blastozooids in certain species?  

•   When do bud progenitors fi rst reorganize 
themselves into a new individual with a body 
plan that corresponds to an embryonic stage, 
and which stage would that be?  

•   Is there an analogous “phylotypic” stage for 
blastogenesis?  

•   How closely do the mechanisms of blastozo-
oid patterning resemble those that pattern the 
embryo/oozooid?  

•   Given that of embryonic patterning are set up 
by localized maternal determinants that pre-
sumably would be very diffi cult to redeploy in 
a blastogenic bud, at what point(s) in the gene 
regulatory network(s) do the embryonic and 
blastozooid programs converge?  

•   Was the last common ancestor of all tunicates 
imbued with the remarkable regenerative 
potential of colonial tunicates and subse-

quently lost from the less regenerative solitary 
ascidians?   

  Gene Expression and Function 
•   Why has the Hox complex fragmented or its 

regulation become less cohesive in tunicates?  
•   Has the presumed loss of segmentation in 

tunicate body plans relaxed the constraints on 
Hox cluster integrity?  

•   Do the Hox genes play a more peripheral role 
in gene regulatory networks governing embry-
onic development in the tunicates, relative to 
their role in other phyla?  

•   What were the genes potentially co-opted by 
the neural plate border cells in the craniate 
ancestor that might have modifi ed these into 
 bona fi de  neural crest cells?  

•   How are metamorphic processes of apoptosis, 
proliferation, migration, and differentiation 
regulated in the tunicates, and to what extent 
are these regulatory mechanisms redeployed 
in ascidians, larvaceans, and thaliaceans?   

  Developmental System Drift 
•   How pervasive is developmental system drift 

among the tunicates, especially those with 
very conservative, simplifi ed embryos like 
most solitary ascidians?  

•   Are the genomes of tunicates rapidly evolving 
in order to adapt to the various other environ-
mental and ecological concerns faced by 
them, such as feeding, temperature, salinity, 
predation, reproduction, etc.?  

•   If so, do species-specifi c  cis / trans  compensa-
tory mechanisms evolve in order to maintain 
the same exact embryo?  

•   Is this invariant embryo required due to the 
lack of regulative developmental processes 
that might allow for the ontogenesis of a via-
ble sea squirt via a very different embryo?  

•   Is embryonic development more variable 
among the colonial species (not related to the 
separate issue of adultation) because these 
have evolved/retained greater developmental 
plasticity, as evidenced by their blastogenic 
mode of reproduction?   
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  Prochloron Photosymbiosis 
•   Why is prochloron present only in some spe-

cies of didemnids?  
•   How did host-symbiont interaction become 

obligatory?  
•   How does obligate symbiosis trigger the evo-

lution of specifi c mechanisms and organs for 
vertical transmission in the host?  

•   Does intracellular prochloron within tunic 
cells represent a causative event of an older 
symbiotic interaction of particular lineages?  

•   Did prochloron diversify after symbiosis with 
the host?        
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