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Abstract 
 

My thesis entitled óCharacterization of cryptic components of the ancestral vertebrate 

genomeô aims at reconstructing the changes in DNA that parallel the evolution of 

vertebrates. The central question is which changes on the genomic level accompany, 

and maybe even account for, the emergence of phenotypic novelties. This approach 

is also key to a deeper understanding of the evolution of the human genome. 

Vertebrates are distinguished from invertebrates by numerous characteristics. 

Vertebrates are phenotypically characterized, for example, by a complex tripartite 

brain with integrative centers such as the telencephalon and an embryonic neural 

crest that contributes to elaborate craniofacial features that enable a predatory 

lifestyle. On the genomic level, vertebrates are distinguished from other chordates by 

two rounds of whole genome duplication (2R-WGD) that occurred in the last common 

ancestor of vertebrates around 525 million years ago. Initially, the ancestral 

vertebrate possessed four copies of each gene. Some of this redundant genetic 

material was subsequently deleted from the genome, or genes accumulated 

mutations and eventually became nonfunctional pseudogenes. A differential gene 

loss between vertebrate lineages might partly explain the phenotypic differences 

across vertebrates. My approach focuses on key developmental gene families (Bmp, 

Pax, Hox and ENC gene families) whose members are not present in all vertebrate 

lineages. 

A subproject of this thesis focused on the famous Hox gene family that 

specifies positional identity along the primary body axis in the early embryo across 

metazoans. The Hox14 gene was hitherto identified only in a handful of basal 

vertebrates (shark, lamprey and coelacanth), and I revealed the existence of a Hox14 

gene in the Australian lungfish. In addition, I showed that its expression in lungfish, 

similar to shark and lamprey, is decoupled from the typical óHox-codeô. 

Another subproject involved the Pax6 gene that is considered to be the 

ómaster control geneô for eye development throughout bilaterians. My research 

revealed that its sister gene Pax4, that was hitherto only identified in mammals, also 

exists in the genomes of teleosts, the coelacanth and some reptiles (turtles and 

crocodiles). Interestingly, I identified a previously unknown gene, Pax10, that is most 

likely the third gene of the original gene quartet, including Pax4 and -6, derived from 

the 2R-WGD. A comparative study including phylogenetic, syntenic and expression 
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analyses of Pax4, -6 and -10 genes in diverse vertebrates shed light on the 

asymmetric evolution of the Pax4/6/10 class of genes. Based on these results I 

reconstructed a likely evolutionary scenario that describes the secondary 

modifications in this gene family. 

The ectodermal neural cortex (ENC) gene family, whose members are 

implicated in neurogenesis, is part of the kelch repeat superfamily. My analyses 

revealed that most vertebrates possess three distinct ENC genes derived from the 

2R-WGD suggesting the loss of the forth subtype early in vertebrate evolution. Only 

eutherians secondarily lost ENC3. A comparison of the ENC1 expression patterns I 

obtained in shark with ENC1 expression profiles in tetrapods suggests a high level of 

conservation of developmental roles of this gene. Compared with many other gene 

families including key developmental regulators, the ENC gene family is unique in 

that conventional molecular phylogenetic inferences could not identify any obvious 

invertebrate ortholog. This suggests that the ENC gene family might have been too 

rapidly evolving to provide sufficient phylogenetic signals marking orthology to their 

invertebrate counterparts. Such gene families that experienced saltatory evolution 

likely remain unexplored, and might also have contributed to phenotypic evolution of 

vertebrates. 

One aspect of my thesis focused on a recently identified sister gene of the key 

developmental genes Bmp2 and -4, designated Bmp16. This gene greatly differs 

from its well-investigated sister genes in two aspects. Firstly, the absence of Bmp16 

in many vertebrate lineages (mammals, amphibians and archosaurs) is in stark 

contrast to the universal presence of Bmp2 and -4 in vertebrate genomes. Secondly, 

gene expression analyses of Bmp16 in teleosts (zebrafish), chondrichthyans (sharks) 

and reptiles (anoles) revealed a high degree of evolutionary plasticity that has never 

been documented for any Bmp2 or -4 gene. By using morpholino-induced 

knockdown techniques, I investigated to what extent sister genes are capable of 

compensating for the loss of a functional Bmp16 gene. This approach might allude to 

why this gene independently got lost at least three times during vertebrate evolution. 

My thesis reveals recurrent patterns of gene family evolution in vertebrates. 

My detailed studies of selected gene families describe the dynamics that shaped the 

gene repertoires of extant vertebrates and thus contributed to phenotypic evolution 

leading to the biodiversity of vertebrates.  
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Zusammenfassung 
 

Meine Dissertation mit dem Titel āCharakterisierung von verborgenen Komponenten 

im Genom des Urwirbeltiersó hat das Ziel die Evolution der Erbinformationen im Laufe 

der stammesgeschichtlichen Entwicklung der Wirbeltiere zu rekonstruieren. Die 

zentrale Frage ist, welche genomischen Veränderungen die Entstehung neuer 

phänotypischer Merkmale begleiten und eventuell sogar hervorrufen. In diesem 

Ansatz liegt auch der Schlüssel für ein tieferes Verständnis der Evolution des 

menschlichen Genoms. Wirbeltiere grenzen sich von wirbellosen Tieren durch eine 

Reihe von Merkmalen ab. Phänotypisch beispielsweise unterscheiden sich 

Wirbeltiere von Wirbellosen durch ein komplex aufgebautes, dreigliedriges Gehirn, 

mit integrativen Zentren wie beispielsweise dem Telencephalon. Ebenfalls spezifisch 

für Wirbeltiere ist die embryonale Neuralleiste, welche zu kraniofazialen Strukturen 

beiträgt, die eine räuberische Lebensweise erst ermöglichen. Auf genomischer 

Ebene zeichnen sie sich durch eine zweifache Genomduplikation aus, welche sich im 

letzten gemeinsamen Vorfahren aller Wirbeltiere vor ca. 525 Millionen Jahren 

ereignete. Deshalb besaß das Urwirbeltier zunächst vier Kopien jedes Gens. Teile 

dieses überschüssigen genetischen Materials wurden im Laufe der Evolution vom 

Genom deletiert, oder Gene mutierten zu Pseudogenen, d. h. sie wurden 

funktionslos. Ein differenzieller Genverlust könnte zum Teil die unterschiedlichen 

phänotypischen Merkmale zwischen verschiedenen Wirbeltiergruppen erklären. Mein 

Ansatz liegt in der Untersuchung entwicklungsbiologisch höchst relevanter 

Genfamilien (Pax-, Hox-, Bmp- und ENC-Genfamilien) dessen Mitglieder nicht in 

allen Wirbeltiergruppen vorhanden sind. 

Ein Teilprojekt befasst sich mit der berühmten Hox-Genfamilie, welche die 

positionalen Identitäten entlang der primären Körperachse im frühen Embryo 

spezifiziert. Das Hox14 Gen wurde bisher nur in einer Handvoll ursprünglicher 

Wirbeltiere (Haie, Schleimaal und Quastenflosser) identifiziert, und ich habe die 

Existenz von Hox14 im Australischen Lungenfisch nachgewiesen. Des Weiteren 

habe ich gezeigt, dass die Expression dieses Gens im Lungenfisch, genau wie im 

Hai und Schleimaal, vom sonst üblichen āHox-codeó entkoppelt ist.  

Eine Studie beschäftigt sich mit Pax6, einem Gen welches als Hauptschalter 

für die Augenentwicklung in Bilateria gilt. Meine Forschung ergab, dass das 

Schwestergen Pax4, welches bisher nur bei Säugetieren identifiziert wurde, auch im 
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Genom von Fischen (Teleostei), einem Quastenflosser und einigen Reptilien 

(Schildkröten und Krokodilen) vorhanden ist. Interessanterweise identifizierte ich ein 

bisher unbekanntes Gen, Pax10. Dies ist höchstwahrscheinlich neben Pax4 und 

Pax6 das dritte Gen des ursprünglichen Genquartetts aus der zweifachen 

Genomduplikation im Urwirbeltier. Eine vergleichende Studie bestehend aus 

phylogenetischen Untersuchungen, Synteny- und Genexpressionsanalysen von 

Pax4, -6 und -10 in verschiedenen Wirbeltieren ergab detaillierte Aufschlüsse über 

die asymmetrische Evolution der Pax4/6/10 Genklasse. Aus den Ergebnissen 

entwarf ich ein mögliches evolutionäres Szenario, welches die Veränderungen dieser 

Gengruppe im Laufe der Wirbeltierevolution rekonstruiert.  

Mitglieder der āectodermal neural cortexó (ENC)-Genfamilie, welche zur ākelch 

repeató Superfamilie gehºren, sind an der Neurogenese beteiligt. Meine Analysen 

zeigen, dass die meisten Wirbeltiere durch die zweifache Genomduplikation drei 

ENC Schwestergene besitzen, da ein Gen des ursprünglichen Quartetts vermutlich 

früh in der Wirbeltierevolution verloren ging. Lediglich Plazentatiere haben eines der 

ENC Gene (ENC3) sekundär verloren. Ein Vergleich meiner Expressionsanalyse des 

ENC1 Gens im Hai mit publizierten ENC1 Expressionsmustern in Landwirbeltieren 

legt den Schluss nahe, dass die entwicklungsbiologischen Aufgaben des Gens 

hochkonserviert sind. Im Vergleich zu vielen anderen Genfamilien ist die ENC-

Genfamilie dahingehend einzigartig, dass konventionelle molekular-phylogenetische 

Methoden kein eindeutiges orthologes Gen in Wirbellosen identifizieren konnten. 

Möglicherweise evolvierte die ENC-Genfamilie zu schnell um ausreichend 

phylogenetisches Signal aufzubieten, welches Orthologie zu Genen von Wirbellosen 

erkennen ließe. Genfamilien wie diese, welche sprunghafte Evolution erfahren 

haben, neigen dazu unbeachtet zu bleiben, obwohl sie womöglich zur 

phänotypischen Evolution von Wirbeltieren maßgeblich beigetragen haben. 
Ein Teil meiner Dissertation konzentriert sich auf das neu entdeckte Gen  

Bmp16, welches ein Schwestergen der entwicklungsbiologischen Schlüsselgene 

Bmp2 und -4 ist. Dieses Gen unterscheidet sich in zweierlei Hinsicht drastisch von 

seinen gut erforschten Schwestergenen. Erstens steht die Absenz von Bmp16 in 

einigen Wirbeltierlinien (Säugetiere, Amphibien und Archosaurier) in starkem 

Kontrast zur universellen Präsenz von Bmp2 und -4 in Wirbeltiergenomen. Zweitens 

zeigten Genexpressionsanalysen in Fischen (Zebrafisch),  Knorpelfischen (Haie) und 

Reptilien (Anolisechsen) einen hohen Grad an evolutionärer Plastizität, welche nie 
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zuvor für Bmp2 und -4 festgestellt wurde. Mit Gen-Knockdown-Techniken 

(Morpholinos) untersuchte ich, inwieweit Schwestergene den Verlust eines 

funktionalen Bmp16 Gens kompensieren können. Dieser Ansatz könnte Aufschluss 

darüber geben, weshalb dieses Gen im Laufe der Evolution mindestens drei Mal 

unabhängig voneinander verloren gegangen ist, nämlich in Amphibien, Archosauriern 

und Säugetieren.  

Meine Dissertation enthüllt wiederkehrende Muster der Evolution von 

Genfamilien und zeigt die Dynamik welche das Genrepertoire moderner Wirbeltiere 

geformt hat. Diese Prozesse trugen zur phänotypischen Evolution bei, die zur 

heutigen Diversität an Wirbeltieren führte. 
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General introduction 
 

The rise of evo-devo 

Estimations of the biodiversity on our planet amount to approximately 8.7 million 

species (Mora et al. 2011), of which only 1.2 million are currently described 

(http://www.catalogueoflife.org/). Ever since Darwin, naturalists were striving for an 

understanding of the processes that lead to biodiversity. The central paradigm of 

evolutionary developmental biology (evo-devo) is that evolution can only be achieved 

through embryonic development. By looking at the ontogeny, one can infer how 

complex systems might evolve, and how morphological novelties arise. The field of 

evo-devo was launched when experimental biologists started to apply genetic tools 

(Arthur 2002; Hall 2003). In the 1980s, it was spearheaded by the discovery that 

animals as divergent as fly and mouse use a similar set of genes that regulate the 

making of their phenotypes (McGinnis et al. 1984; Scott, Weiner 1984). The 

conservation of these ótoolkitô genes among protostomes and deuterostomes implies 

that their last common ancestor, the so-called óUrbilateriaô living up to 650 million 

years ago (mya; Knoll, Carroll 1999; Yin et al. 2007), already possessed the blueprint 

of the bilaterian Bauplan. These findings laid the basis for the dynamic field of evo-

devo, a young science influenced by innovative ideas from diverse directions. The 

emerging field of eco-evo-devo, for example, takes into account the influence of 

environmental cues on development. Other branches of evo-devo tackle the question 

of how a phenotypic novelty arisen in a single individual can spread throughout a 

population by taking a population genomics approach.  

 

Evo-devo in the genomic era 

The last decade has witnessed incredible improvements of sequencing technologies, 

in particular since the occurrence of next-generation sequencing platforms (Mardis 

2011). The progress in sequencing technologies has even outpaced Mooreôs Law 

that predicts a doubling of computer power every two years 

(http://www.genome.gov/sequencingcosts). These latest advances had a huge 

impact on biological sciences including the field of evo-devo. In the early days of evo-

devo, genome-wide sequence information was limited to a handful of model species. 

Nowadays, genomic sequence data is accumulating for key phylogenetic species [e. 

g. lamprey (Smith et al. 2013) and coelacanth (Amemiya et al. 2013)] or species 
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which are crucial to understand evolutionary processes such as cichlids (Fan, Elmer, 

Meyer 2012) or anole lizards (Losos 2009) as model organisms to study the process 

of speciation. The most immediate benefit of accumulating sequence information is a 

robust species phylogeny (Figure 1) that is crucial for a comparative field such as 

evo-devo. Only few taxa remain difficult to place in the tree of life due to an elevated 

rate of evolution. These are, for example, chaetognaths (arrow worms; Marletaz et al. 

2008; Paps, Baguna, Riutort 2009), Xenoturbella or acoelamorpha (Bourlat et al. 

2006; Hejnol et al. 2009; Philippe et al. 2011).  

 

Figure 1. Schematic overview of the phylogenetic relationships between major taxa of 
the animal kingdom.  
Left side shows the phylogeny of major bilaterians that are derived from a so-called 
óUrbilateriaô with Cnidarians as outgroup. Right side shows a schematic phylogeny of 
vertebrates. It should be noted that hagfish and lamprey are classified in the 
monophyletic group of cyclostomes, turtles are placed as sister taxa of archosaurs 
(crocodiles and birds) and lungfishes are assumed to be closer related to tetrapods 
than the coelacanth.  
 

The phylogenetic tree of vertebrates 

The phylogeny of major vertebrate taxa is fairly well resolved with only few remaining 

uncertainties. The phylogenetic positions of the two extant classes of cyclostomes 

(lamprey and hagfish) relative to the taxon of jawed vertebrates was debated for a 

long time (Forey 1984; Maisey 1986; Kuraku et al. 1999; Kuraku, Kuratani 2006). 

Despite seemingly controversial arguments between morphological and genetic data, 

the emerging consensus favors monophyly of cyclostomes (Kuraku, Meyer, Kuratani 

2009; Heimberg et al. 2010). Morphological studies in developing hagfish showed 

that many characteristic features shared with lamprey are secondarily lost during 

development (Ota, Kuraku, Kuratani 2007; Oisi et al. 2012). This misled their correct 
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placement in the vertebrate phylogeny in the past. Other controversies about the 

vertebrate tree of life, such as the position of turtles, lungfishes and coelacanths were 

resolved by recent phylogenomic studies (Chiari et al. 2012; Amemiya et al. 2013). 

These genome-wide analyses including thousands of molecular markers provide 

strong phylogenetic signal which considerably raises our confidence in inferring 

robust phylogenies (Delsuc, Brinkmann, Philippe 2005). 

The management of accumulating sequence resources represents a challenge 

to modern scientists. A reliable inventory of all available sequence resources can 

only be a snapshot because of the rapidly growing amount of data. Besides, the fact 

that not all sequences publicly available are immediately channeled into one single 

database, but are often only accessible on project-specific (ftp) servers (e.g. the 

whole genome sequence of the saltwater crocodile Crocodylus porosus) further 

complicates a clear-cut overview of sequence data. However, efforts are made to 

pool sequence data and provide researchers the best possible access to sequence 

data (e.g., http://transcriptome.cdb.riken.jp/aleaves/). 

 

Evolutionary history of the vertebrate genome 

While paleontologists can reconstruct morphological evolution by looking at the fossil 

record óback in timeô, reconstructing the genomes of our ancestors remains 

challenging. Technical advances in the sequencing of ancient DNA constantly push 

the boundary and enable us to retrieve sequence information of more and more 

ancient fossils. Using the latest methodological advances, scientists recently 

succeeded in deciphering the genome of an archaic Denisovan hominin that lived 

~82,000 years ago (Meyer et al. 2012). This ógenomic window back in timeô still 

seems diminutive in comparison to the earliest vertebrate fossils, such as 

Haikouichthys, that are dated to the lower Cambrian period at least 490 million years 

ago (Shu et al. 1999a; Xian-guang et al. 2002). Thus, the evolution of our genome 

can currently only be addressed by studying extant genomes. This comparative 

approach allows parsimonious reconstructions of ancestral genomic features on the 

macroevolutionary level.  

We can also explore genomic changes that paralleled major phenotypic 

transitions. One major transition in the evolution of the animal kingdom was the 

transition of chordates to more complex and species-rich vertebrates leading a 

predatory lifestyle. The active hunting for prey is an interaction with the environment 
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that requires a certain level of cognitive abilities and an elaborate sensory system. 

These phenotypical óupgradesô involved, for example, a complex tripartite brain 

(Shimeld, Holland 2000; Wicht, Lacalli 2005) for the processing of the information 

collected by the elaborate sensory system. The complex neuroanatomy is largely 

derived from the neural crest. This embryological cell population contributes to the 

craniofacial structures characteristic for the vertebrate head consisting of a distinct 

cranium and paired eyes and ears (Gans, Northcutt 1983). However, a recent study 

in an urochordate revealed that rudimentary neural crest cells, which were 

traditionally regarded as vertebrate novelties, also exist in invertebrate chordates 

(Abitua et al. 2012). Thus, the vertebrate neural crest merely represents a co-option 

of an ancestral chordate gene network. This implies that the chordate-vertebrate 

transition, even though it involves a massive increase in incomplexity, buildt up on 

pre-existing protochordate features.   

Coinciding with the increase in phenotypic complexity, the vertebrate genome 

was lastingly shaped by two rounds of whole genome duplications (2R-WGD; Ohno 

1970; Lundin 1993; Holland et al. 1994; Sidow 1996). To what extent this 

quadruplication of genetic material accounts for the morphological novelties is not 

fully understood. An increasing body of literature describes the processes that 

shaped the genomes of modern vertebrates. The emerging pattern shows that the 

initial redundancy caused by four identical genes led to secondary gene losses of a 

large proportion of the duplicates. Others were retained and developed a new 

function, a process termed neofunctionalization. Yet other sets of duplicates 

partitioned the original function (subfunctionalization; Force et al. 1999).  

  

Taxon-specific gene repertoires 

Secondary gene loss often occurs differentially between vertebrate lineages, 

generating a taxon-specific gene repertoire. This thesis focuses on genes that are 

not present throughout vertebrates and provides insights into their patterns of 

evolution. As case studies, key developmental gene families were selected. Among 

these are arguably the most important gene family, the Hox gene family, as well as 

relatives of the so-called ómaster control geneô for eye development, Pax6, and other 

well-studied groups of genes like Bone morphogenetic proteins (Bmps) or ectodermal 

neural cortex proteins (ENCs). Each of these gene families has characteristics that 

are worthwhile to explore in a phylogenetic, comparative genomic and developmental 



 GENERAL INTRODUCTION 

 

19 
 

framework. To gain insights into the evolution of these gene families in vertebrates, I 

examined them from diverse viewpoints combining various approaches. Exhaustive 

database mining complemented with targeted RT-PCR screens turned out to be an 

efficient strategy to detect secondary modifications of gene repertoires in specific 

lineages. Also a comparative expression analyses between chondrichthyans (the 

thornback ray Raja clavata and the small-spotted catshark Scyliorhinus canicula), a 

reptile (the green anole Anolis carolinensis), an amphibian (the African clawed frog 

Xenopus laevis) and a teleost (the zebrafish Danio rerio) proved to be a powerful 

approach to gain insights into the evolution of expression profiles in jawed 

vertebrates. However, one difficulty of this approach lies in the phenotypic and 

developmental differences between divergent taxa. It is not always straightforward to 

compare tissue- and stage-specific expression patterns because of possible lineage-

specific modifications of the timing of development and their overall anatomy. The 

integration of these diverse lines of research led to exciting insights into the evolution 

of the vertebrate gene repertoire. These include several findings that were previously 

overlooked by traditional research mainly focusing on model organisms. 
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Abstract 

Bilaterian Hox genes play pivotal roles in the specification of positional identities 

along the anteroposterior axis. Particularly in vertebrates, their regulation is tightly 

coordinated by tandem arrays of genes (paralogy groups) in four gene clusters 

(HoxA-D). Traditionally, the uninterrupted Hox cluster (Hox1-14) of the invertebrate 

chordate amphioxus was regarded as an archetype of the vertebrate Hox clusters. In 

contrast to Hox1-13 that are globally regulated by the 'Hox code' and are often 

phylogenetically conserved, vertebrate Hox14 members were only recently revealed 

to be present in an African lungfish, a coelacanth, chondrichthyans and a lamprey, 

and decoupled from the Hox code. In this study we performed a PCR-based search 

of Hox14 members from diverse vertebrates, and identified one in the Australian 

lungfish, Neoceratodus forsteri. Based on a molecular phylogenetic analysis, this 

gene was designated NfHoxA14. Our real-time RT-PCR suggested its hindgut-

associated expression, previously observed also in cloudy catshark HoxD14 and 

lamprey Hox14Ŭ. It is likely that this altered expression scheme was established 

before the Hox cluster quadruplication, probably at the base of extant vertebrates. To 

investigate the origin of vertebrate Hox14, by including this sarcopterygian Hox14 

member, we performed focused phylogenetic analyses on its relationship with other 

vertebrate posterior Hox paralogy groups (Hox9-13) as well as amphioxus posterior 

Hox genes. Our results confirmed the hypotheses previously proposed by other 

studies that vertebrate Hox14 does not have any amphioxus ortholog, and that none 

of 1-to-1 pairs of vertebrate and amphioxus posterior Hox genes, based on their 

relative location in the clusters, is orthologous.  

 

Introduction 

 

Bilaterian Hox genes instruct the specification of regional identities along the 

anteroposterior axis. They are arranged in tandem arrays of genes, and their 

regulation is tightly coordinated in a colinear fashion: the closer a gene is to the 3ô-

end of the Hox cluster, the earlier and more anteriorly it is expressed during 

embryogenesis (Lewis 1978; McGinnis, Krumlauf 1992; Duboule 1994; Kmita, 

Duboule 2003). While all invertebrate bilaterians basically have one Hox gene cluster, 

vertebrates typically possess four clusters (Hox A-D) that are derived from two 

rounds of whole-genome duplication (2R-WGD; Graham, Papalopulu, Krumlauf 1989;  
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reviewed in Kuraku, Meyer 2009). 

 The 13 paralogy groups (PGs) (Hox1-13) were recognized by the end of the 

20th century in all vertebrate species whose Hox clusters were fully sequenced 

(Zeltser, Desplan, Heintz 1996; reviewed in Garcia-Fernandez 2005). The only 

exception identified as late as 2004 was the Hox14 group reported for the coelacanth 

Latimeria menadoensis (HoxA14) and the horn shark Heterodontus francisci 

(HoxD14; Powers, Amemiya 2004) (see Figure 2 for phylogenetic positions of these 

species and others mentioned below). HoxD14 was later identified in the cloudy 

catshark Scyliorhinus torazame (Kuraku et al. 2008) and the lesser spotted dogfish S. 

canicula (Oulion et al. 2010) as well as in the elephant shark Callorhinchus milii (also 

called ghost shark or elephantfish) (Venkatesh et al. 2007; Ravi et al. 2009). Only 

very recently, HoxA14 was identified in the African lungfish Protopterus annectens 

(Liang et al. 2011). In the Japanese lamprey Lethenteron japonicum, a Hox14 

member, designated Hox14Ŭ, was identified by RT-PCR (Kuraku et al. 2008). As is 

the case for many non-Hox genes, orthology of Hox gene clusters of this animal to 

the four jawed vertebrate Hox clusters is ambiguous (Kuraku, Meyer 2009). 

Therefore, it is not clear which cluster Hox14Ŭ belongs to. Additionally, a HoxA14 

pseudogene was identified in both elephant shark and horn shark, and also a 

pseudogenized HoxB14 was found in the elephant shark (Powers, Amemiya 2004; 

Ravi et al. 2009). The presence of pseudogenized, but still recognizable HoxA14 

orthologs in lineages that diverged more than 400 million years ago (Heinicke, 

Naylor, Hedges 2009; Inoue et al. 2010) indicates independent pseudogenization 

processes in elasmobranchs and chimaeras (Ravi et al. 2009). Expression patterns 

of the Hox14 members were investigated only in the lamprey, the cloudy catshark 

and the lesser spotted dogfish, species whose embryonic resources are accessible in 

the laboratory, and they were shown to exhibit hindgut-associated expressions 

(Kuraku et al. 2008; Oulion et al. 2011). Notably, they are neither expressed in 

derivatives of the neural crest nor in the neural tube, somites, or fins, in which at least 

a subset of Hox1-13 genes is known to be expressed (Kuraku et al. 2008). 
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Figure 2. Phylogenetic relationships among the major chordate lineages. 
Relationships are based on previous molecular phylogenetic analyses (Inoue et al. 
2003; reviewed in Meyer, Zardoya 2003; Kikugawa et al. 2004; Delsuc et al. 2006). 
English common names of species included in this study are shown in gray beside 
their taxon names. 
 

The cephalochordate amphioxus possesses a single Hox cluster, which is 

often regarded as óarchetypalô and considered to display the pre-quadruplicated 

ground state of vertebrate Hox clusters (Amemiya et al. 2008). Only recently, Holland 

et al. (2008) reported that the cluster possesses an additional Hox gene designated 

AmphiHox15 as well as previously known Hox1-14. However, unambiguous 

assignment of 1-to-1 orthologies between amphioxus and vertebrate posterior Hox 

genes cannot be established without further data (Ferrier 2004; Amemiya et al. 2008; 

Hueber et al. 2010). This observation can be explained by an elevated evolutionary 

rate of the posterior Hox genes which has been termed the ódeuterostome posterior 

flexibilityô (Ferrier et al. 2000). For instance, the non-orthology between the 

amphioxus Hox14 gene and the vertebrate Hox14 genes has been supported by 

phylogenetic analysis (Kuraku et al. 2008) as well as a non-tree-based study 

(Thomas-Chollier et al. 2010). The identical name of the amphioxus and vertebrate 

genes is simply derived from the same relative location in the cluster, but does not 

reflect true orthology. Interestingly, orthology between AmphiHox15 and vertebrate 

PG13 was previously suggested (Holland et al. 2008; Thomas-Chollier et al. 2010), 
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despite their non-syntenic location in the cluster. However, the support for this 

grouping is poor, possibly because of the large data sets used in these studies.  

 In this study, we performed a PCR scan of Hox14 members in the Australian 

lungfish, a non-tetrapod sarcopterygian, and in silico searches of Hox14 members in 

diverse vertebrates. We report the identification of a Hox14 member in the lungfish, 

designated NfHoxA14, and suggest its embryonic expression in the hindgut. The 

hindgut-associated expressions, observed also in the cloudy catshark HoxD14 and 

the lamprey Hox14Ŭ, should have been retained since the pre-vertebrate era when 

Hox genes existed in an ancestral single cluster. Importantly, our phylogenetic 

analysis indicated that the amphioxus Hox cluster contains no ortholog of the 

vertebrate Hox14 genes. Our analysis suggested that the amphioxus Hox cluster is 

not an archetype representing a condition before the 2R-WGD in the vertebrate 

lineage. Thus, the vertebrate Hox cluster has a unique composition of paralogy 

groups, compared to invertebrate counterparts, one of which is Hox14. 

 

Materials and methods 

   

Animal 

Embryos of N. forsteri were obtained from the breeding colony established by Jean 

Joss at Macquarie University in Sydney, Australia (Macquarie University Animal 

Ethics Committee approval number: 2003/001). The embryos were kept in sterile 

pond water until they reached required stages, which were determined according to 

Kempôs normal table (Kemp 1982) and other supporting materials 

(http://www.bio.mq.edu.au/dept/centres/lungfish/development/lungfishSQL.php). 

Specimens used for RNA extraction were shipped in RNAlater (Qiagen). Animals that 

were subjected to in situ hybridization were stored in methanol after fixation in 4% 

paraformaldehyde (PFA). 

 

PCR 

Total RNA was extracted using TRIzol (Invitrogen) from a whole embryo at stage 35. 

This RNA was reverse transcribed into cDNA using SuperScript III (Invitrogen), 

following the instructions of 3' RACE System (Invitrogen). This cDNA was used as 

template for a degenerate PCR using forward primers, which were designed based 

on amino acid stretches shared among Hox14 sequences of the Japanese lamprey, 
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coelacanth, horn shark and elephant shark. Primer sequences were 5'-CC GAR 

MGN CAR GTN AAR ATH TGG TT-3' (TERQVKIWF) for the first reaction and 5'-G 

GTC AAR ATH TGG TTY CAR AAY CA-3' (QVKIWFQNQ) for the nested reaction. 

The 5'-end of the cDNA was obtained using the GeneRacer Kit (Invitrogen). These 

cDNA fragments were used as templates for the riboprobes for in situ hybridization. 

The assembled full-length N. forsteri HoxA14 cDNA sequence is deposited in EMBL 

under the accession number FR751091. 

cDNAs of the eukaryotic translation elongation factor 1Ŭ1 (EF-1Ŭ1; often 

imprecisely designated EF-1Ŭ) and glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) genes were isolated by degenerate PCR. The initial protein-coding EF-1Ŭ1 

cDNA fragment was isolated using the forward primer 5'-TC TAY AAR TGY GGN 

GGN ATH GAY AA-3' (IYKCGGIDK) and the reverse primer 5'-C ATA TCT CTT ACN 

GCR AAN CKN CCN A-3' (LGRFAVRDM). The 3'-end of this cDNA was amplified 

with 3' RACE using a gene specific forward primer, 5ô-CACTGCTCACATTGCCTGC-

3'. The GAPDH sequence was amplified with 3' RACE using the forward primer 5'-

ATA WSW GCA CCW WSW GCN GAY GC-3' (ISAPSADA) in the first reaction and 

the forward primer 5'-A CCT WSW GCW GAY GCN CCN ATG-3' (APSADAPM) in the 

nested reaction. These partial cDNA sequences are deposited in EMBL under the 

accession numbers FR751092 (EF-1Ŭ1) and FR751093 (GAPDH). 

 

Retrieval of non-lungfish Hox sequences 

Sequences of posterior Hox genes were retrieved from the Ensembl genome 

database (version 60; http://www.ensembl.org; Hubbard et al. 2009) and NCBI 

Protein database, by running Blastp (Altschul et al. 1997) using the newly identified 

lungfish HoxA14 peptide sequence as a query. An optimal multiple alignment of the 

retrieved amino acid sequences including the query was constructed using the 

alignment editor XCED, in which the MAFFT program is implemented (Katoh et al. 

2005). For a list of sequences used in this study, see S-Table 1. 

 

Molecular phylogenetic analysis 

Molecular phylogenetic trees were inferred using alignment of the 60 amino acids of 

the homeodomain, unless otherwise stated. To investigate phylogenetic relationships 

within the Hox14 paralogy group (shown in Figure 4A), we used PhyML (Guindon, 

Gascuel 2003) for both neighbor-joining (NJ) (Saitou, Nei 1987) and maximum-
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likelihood (ML) tree inference, and MrBayes 3.1 (Huelsenbeck, Ronquist 2001). 

Because the LG substitution matrix (Le, Gascuel 2008) is not implemented in 

MrBayes 3.1, a transformed matrix, compatible with MrBayes 3.1, was obtained 

(http://code.google.com/p/garli/source/browse/garli/trunk/example/LGmodel.mod?r=7

42#). The data set for this analysis contained all six vertebrate Hox14 genes 

available (see Introduction) and the four human Hox13 genes as outgroup, and this 

resulted in 112 amino acid residues that could be unambiguously aligned. The 

Protopterus annectens HoxA14 gene was excluded from the phylogenetic analyses 

because of its incomplete homeodomain. 

Similarly, we conducted a molecular phylogenetic analysis to compare the 

likelihood of two previously reported scenarios S-Figure 1C and D, respectively; 

Holland et al. 2008; Thomas-Chollier et al. 2010) and the two simple hypotheses 

(Figure 6A and B; also see S-Fig. 1A and B; Ferrier et al., 2000)  for the evolution of 

the posterior Hox genes. The per-site log-likelihoods of the ML trees under these four 

scenarios (S-Figure 1) as well as the ML tree in a heuristic search (Figure 6C) were 

calculated in RAxML v7.2.8 (Stamatakis 2006). For this purpose, an enriched data 

set (the data set used below in the analysis on the possible orthology between 

vertebrate PG13 and AmphiHox15, plus all other amphioxus posterior Hox genes) 

was divided into eight operational taxonomic units (OTUs) as described in Results, 

and the ML trees under the two simple scenarios, out of 10,395 tree topologies, were 

exhaustively searched. The topologies of the ML trees under each scenario are 

depicted in S-Figure 1. 

To assess the statistical support for the orthology between AmphiHox15 and 

the vertebrate PG13, all 10,395 possible tree topologies resulting from eight OTUs 

were assessed. ML trees were inferred using RAxML, assuming LG+F+ũ4 model 

(shape parameter of the gamma distribution Ŭ = 0.36; Yang 1994). The data set used 

in this analysis consisted of AmphiHox15, all human posterior Hox genes (Hox9-13), 

and all six vertebrate Hox14 genes. Abd-B genes of two ecdysozoans (Drosophila 

melanogaster and Priapulus caudatus), and Post2 genes of two lophotrochozoans 

(Euprymna scolopes and Neanthes virens) served as outgroup. 

In both analyses, phylogenetic relationships within individual OTUs were 

constrained according to generally accepted phylogenetic relationships of relevant 

species. Relationships within the human posterior PGs were constrained based on 

the 1-2-4 pattern of the 2R-WGD assuming that the A and B, and the C and D 



 CHAPTER I 

 

28 
 

clusters are 'sister clusters' (namely, ((A,B),(C,D)); Amores et al. 1998; see also Ravi 

et al. 2009). 

Alternative tree topologies were statistically tested using CONSEL 

(Shimodaira, Hasegawa 2001). P values of the approximately unbiased (AU) and the 

Shimodaira-Hasegawa (SH) tests were calculated for selected tree topologies that 

supported particular scenarios, and compared with the ML trees. 

 

In situ hybridization 

The aforementioned 5' and 3' cDNA fragments were used as templates for the 

riboprobes used in in situ hybridization. Whole-mount and paraffin-embedded section 

in situ hybridizations using N. forsteri embryos were performed as previously 

described (Murakami et al. 2001; Kuraku, Usuda, Kuratani 2005). 

 

Real-time RT-PCR 

Three N. forsteri embryos (one embryo at stage 35 and two at stage 40) were 

dissected as shown in Figure 5A, resulting in eleven tissue fractions, designated a to 

k. Total RNA was extracted from each of these tissues using TRIzol (Invitrogen). The 

RNA was treated with DNase I (10 units for 1 ɛg of total RNA) for 15 min at room 

temperature. The DNA digestion was terminated by adding 1 ɛl EDTA (25 mM) and 

incubating at 65ÁC for 15 min. 

In order to compare the expression level of NfHoxA14 between the eleven 

tissue samples, the genes GAPDH and EF-1Ŭ1 were used as internal controls (Van 

Hiel et al. 2009). Gene specific primers to amplify approximately 200 bp long cDNA 

fragments of N. forsteri HoxA14, EF-1Ŭ1, and GAPDH, respectively, were designed 

utilizing OligoPerfectÊ (http://tools.invitrogen.com/content.cfm?pageid=9716). 

Sequences for the primers were: 5'-GAGGAACAATGGTCTCTGAA-3' (forward) and 

5'-TGACATGTTTTGGTCATTGT-3' (reverse) for EF-1Ŭ1; 5'-

CTGTTCATCAATGCTCCAT-3' (forward) and 5'-TCACACAGCAGGTTTTGTT-3' 

(reverse) for GAPDH; and 5'-GCTGCCTCAATTTAAGAAAGT-3' (forward) and 5'-

AAAAGGCCAACCACAGTAG-3' (reverse) for HoxA14. After confirming specificity of 

the primers in a test run, the analysis run was conducted using the Bio-Rad CFX96 

real-time PCR system. A pre-denaturation of 3 min at 95ÁC was followed by 50 cycles 

of three-steps at different temperatures (95ÁC for 10 sec, 56ÁC for 10 sec, 72ÁC for 

30 sec). A melting curve from 95ÁC to 56ÁC was recorded for each reaction to monitor 
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homogeneity of the amplified products. 

The parameter used in the statistical evaluation was the threshold cycle [C(t)], 

which was set by the Bio-Rad CFX Manager software. The C(t) value gives the 

number of cycles in which the amplification curve of a given reaction reaches a fixed 

threshold level in its exponential phase. Thus, the smaller the C(t) value of a reaction 

is, the higher the amount of initial cDNA template was.  

Statistical evaluation was conducted with two data sets comprising two 

different internal control genes, GAPDH and EF-1Ŭ1. First, the average C(t) of the 

three replicates for each reaction was calculated, and then this value of the control 

gene [C(t)ctrl] was subtracted from that of NfHoxA14 [C(t)HoxA14]. Thus, one value ȹC(t) 

for each of the eleven samples and for each control gene was obtained. As these 

values are on an exponential scale, they had to be processed to make them linearly 

comparable. Additionally, the reciprocal value was calculated in order to produce the 

smallest final value for the reaction with the least initial NfHoxA14 copy number. This 

processing after (Keegan et al. 2002) describes the formula: 

 

ς  

 

The resulting values and their standard error of the mean (SEM) were then plotted for 

each control gene (Figure 5B). 

 

Results 

 

Identification of a Hox14 cDNA in N. forsteri 

By means of RT-PCR, the full-length cDNA of N. forsteri HoxA14 including 5' and 3' 

UTRs was sequenced. The affiliation of this gene to the vertebrate PG14 was 

suggested in a Blastx search against NCBI non-redundant protein sequences (nr) 

and confirmed by the program HoxPred (URL: http://cege.vub.ac.be/hoxpred/; 

Thomas-Chollier, Leyns, Ledent 2007) with the posterior probability of 1.0. A 

sequence alignment containing the six vertebrate Hox14 genes available and the four 

human Hox13 genes was constructed (Figure 3). A high level of sequence 

conservation in the homeodomain was revealed, and we identified in the N. forsteri 

sequence four amino acids that are exclusively shared by the Hox14 members, 

indicating their close relationship (Figure 3).  
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Figure 3. Alignment of the 60 amino acid residues of the homeodomains of human 
Hox13 and vertebrate Hox14 genes.  
Amino acid residues specific to the PG14, based on comparison with human PG1-13 
(Kuraku et al. 2008), are shown in bold. Note that the sequence of HoxA14 of the 
African lungfish (accession number in NCBI Nucleotide, HQ441267; Liang et al. 
2011) is incomplete. 
 

There were three amino acid mismatches between the newly identified N. forsteri 

sequence and the previously reported HoxA14 of the African lungfish Protopterus 

annectens (accession number in NCBI Nucleotide, HQ441267) (Figure 3). Between 

these two sequences we observed the number of synonymous substitution per site 

(Ks) of 0.79 Ñ 0.27 based on the method by Yang and Nielsen (2000) implemented in 

PAML (Yang 1997). In comparison to other pairs of species (Kuraku, Kuratani 2006), 

the non-saturated synonymous substitution between the two lungfish sequences 

indicates that they split much more recently than the early vertebrate era when the 

multiple Hox clusters were generated. For this reason, the two lungfish HoxA14 

genes should be orthologous. 

 

Survey of Hox14 members in other vertebrate species 

To search for members of the Hox14 paralogy group within the mammalian and 

teleost lineages, tBlastn searches were performed online using the N. forsteri 

HoxA14 peptide sequence as a query. First, we performed a search in NCBI dbEST 

as well as in nr/nt databases of all mammals (taxon ID: 40674) and teleost fishes 

(taxon ID: 32443). Second, we performed tBlastn searches against nucleotide 

genomic sequences of species included in the Ensembl Genome Browser. These 

searches resulted in no Hox14 sequences in all available tetrapods and teleost 

fishes. 



 CHAPTER I 

 

31 
 

We also attempted to identify Hox14 with RT-PCR in chondrichthyans (Raja 

clavata and Scyliorhinus canicula), sturgeons (Huso dauricus and a hybrid between 

Huso huso and Acipenser ruthenus), a gar (Lepisosteus platyrhinchus), a bichir 

(Polypterus senegalus), and a hagfish (Eptatretus burgeri), but this survey resulted in 

no additional Hox14 members (see Figure 2 for phylogenetic positions of these 

species). This should be confirmed by the anticipated whole-genome sequences of 

these species. 

 

Phylogenetic relationship within vertebrate Hox14 

A sequence data set containing all six vertebrate Hox14 sequences available and 

human Hox13 genes as outgroup was used to reconstruct the phylogenetic 

relationships within the Hox14 paralogy group. The ML tree heuristically inferred 

(Figure 4A) shows the high affinity of the newly identified Australian lungfish HoxA14 

to the coelacanth HoxA14 gene (bootstrap probabilities of 99 in NJ, 89 in ML, and 

Bayesian posterior probability 1.00).  

To further assess the statistical support for the close relationship of the newly 

identified Australian lungfish Hox14 gene with the coelacanth HoxA14, an exhaustive 

analysis of all possible tree topologies resulting from seven OTUs (horn shark 

HoxD14, lesser spotted dogfish HoxD14, elephant shark HoxD14, coelacanth 

HoxA14, Australian lungfish HoxA14, Japanese lamprey Hox14Ŭ and four human 

Hox13 genes) was conducted. The ML tree and alternative tree topologies with 

similar likelihood values placed the newly identified N. forsteri sequence closest to 

coelacanth HoxA14. The tree topology with the largest likelihood which violates this 

lungfish-coelacanth clustering was identified in this exhaustive search, and compared 

to the ML tree. This comparison provided P values of 0.18 in the AU test and 0.19 in 

the SH test for the tree violating the closest relationship between N. forsteri HoxA14 

and coelacanth HoxA14 (ML tree: P = 0.82 in AU test, P = 0.81 in SH test). Although 

the non-orthology of the Australian lungfish Hox14 gene to the coelacanth HoxA14 is 

not rejected at the 5% significance level, our analysis supported their orthology. Even 

though the most straightforward interpretation of the resultant tree topology (Figure 

4A) is that the lungfish Hox14 gene belongs to the Hox A cluster, it is also possible 

that the lungfish gene belongs to the Hox B cluster as this would result in an identical 

tree topology. To confirm the putative genomic linkage of NfHoxA14 with other HoxA 

members, a screening of a BAC library targeting the genomic region containing 
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NfHoxA14 was carried out but was unsuccessful (C. Amemiya, personal 

communication).  

 

Figure 4. Phylogenetic relationships within the vertebrate PG14 and the inferred 
scenario of vertebrate Hox14 evolution.  
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(A) Molecular phylogeny of the six vertebrate Hox14 genes for which the complete 
homeodomain sequence was available and human Hox13 genes based on 112 
amino acids. Protopterus annectens HoxA14 (Liang et al. 2011) was excluded 
because of its insufficient length. Support values are shown for each node in order, 
bootstrap probabilities in the NJ and in the ML analysis, and Bayesian posterior 
probabilities. The LG+F+ũ4 model (shape parameter of gamma distribution Ŭ = 0.62) 
was assumed. The human Hox13 genes were chosen as outgroup because the 
PG13 is the one which is phylogenetically closest to the PG14 (see Figure 6C). (B) 
Phylogenetic distribution of vertebrate Hox14 genes and their taxon-specific 
absence. The timings of secondary gene losses (marked by óXô) were inferred based 
on most parsimonious interpretation (also see Results). Pseudogenization events are 
denoted by the symbol 'Ɋ'. '-?' marks lineages without fully sequenced genomes in 
which no Hox14 member was identified to date. Note that the elephant shark Hox 
clusters contain one intact HoxD14 gene, and pseudogenized HoxA14 and HoxB14 
(Ravi et al. 2009), and the horn shark has an intact HoxD14 gene as well as a 
pseudogenized HoxA14 (Powers, Amemiya 2004). 
 

Embryonic expression of HoxA14 in the Australian lungfish 

Embryonic expression patterns of N. forsteri HoxA14 were first analysed with whole-

mount and section in situ hybridizations in stages 35 and 44. We observed strong 

ubiquitous expression signals of the EF-1Ŭ1 gene, included as a positive control, but 

no signals were observed for the HoxA14 gene, probably because of its possibly low 

expression level. Thus, differences in expression levels of HoxA14 between various 

tissues were quantified by real-time RT-PCR (Figure 5A). The result clearly showed 

that the expression level of HoxA14 is highest in the sample including the hindgut at 

stage 40 (Figure 5B). This observation is consistent between the two internal control 

genes. In the experiment with the GAPDH gene included as an internal control, the 

up-regulation of HoxA14 in the hindgut region (sample j) compared to the tail bud 

region of the same stage (sample k) was 20-fold (Figure 5B). The same comparison 

with EF-1Ŭ1 as control showed a 14-fold up-regulation. The sample g also exhibited a 

slightly higher level of HoxA14 amplification, probably because of HoxA14 expression 

in the hindgut region included in this tissue sample. 
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Figure 5. Expression patterns of N. forsteri HoxA14.  
(A) Dissection of embryonic specimens of N. forsteri. White frames on the Australian 
lungfish embryos indicate the tissue samples dissected for cDNA preparation. (B) 
Graph showing results of real-time RT-PCR. The letters along the x-axis indicate 
tissue samples a-k in A. The expression levels relative to the control genes, GAPDH 
(black) or EF-1Ŭ1 (gray), are plotted on the y-axis. These relative values were 
normalized to tissue sample k, whose value was defined as 1. 
 

Orthology/paralogy of posterior Hox genes between amphioxus and 

vertebrates 

To address the evolutionary origin of the vertebrate posterior paralogy groups, the 

phylogenetic relationships between amphioxus and human posterior Hox genes were 

investigated. With an enriched sequence data set including amphioxus Hox14 and 

Hox15, and the vertebrate PG14, we revisited the two simple hypotheses analysed 

originally by Ferrier et al. (2000). Hypothesis A assumes independent (tandem) 

duplications in the amphioxus and the vertebrate lineage (Figure 6A), while 

hypothesis B is based on a hypothetical last common ancestor which already 

possessed a tandemly duplicated set of posterior Hox genes, and thus each 

amphioxus posterior Hox gene is orthologous to one particular vertebrate PG (Figure 

6B). The ML tree under each hypothesis was inferred by constraining the following 

relationships: in hypothesis A, firstly the human genes were constrained arbitrarily, 

and the topology of the amphioxus posterior Hox genes was optimized in an 
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exhaustive ML analysis. Secondly, the resulting ML tree topology was used to 

constrain the amphioxus posterior Hox genes in another exhaustive search for the 

best topology within the human posterior Hox genes. This process was repeated until 

no more changes in topologies were observed. In hypothesis B, eight OTUs were 

defined, namely one for each Hox9 to Hox15 (each amphioxus gene was grouped 

together with its assumed human orthologs) and an outgroup. The assumptions 

about orthologous relationships among the Hox genes were based on their relative 

locations in the Hox cluster assuming conserved synteny between amphioxus and 

human. For optimized ML tree topologies of the two scenarios, see S-Figure 1A and 

B. When we compared these ML trees under these two simple hypothesis with the 

heuristic ML tree (Figure 6C), statistical tests significantly rejected the tree topologies 

based on the two simple hypotheses at the 5% level (Hypothesis A: P < 0.01 in AU 

test, P = 0.02 in SH test; Hypothesis B: P = 0.02 in AU test, P = 0.03 in SH test; ML 

tree: P = 0.88 in AU test, P = 0.98 in SH test; S-Table 2). The two previously 

proposed hypotheses (S-Figure 1C and D) were not clearly rejected at the 5% level 

(S-Table 2).  

 

Possible orthology between AmphiHox15 and vertebrate PG13 

We also assessed the possible 1-to-1 orthology between AmphiHox15 and vertebrate 

PG13, suggested previously (Holland et al. 2008; Thomas-Chollier et al. 2010). An 

exhaustive ML analysis was performed with eight OTUs, namely the human posterior 

PG9-13, vertebrate Hox14 genes, AmphiHox15 and outgroup (S-Table 3). The ML 

tree supported the orthology between AmphiHox15 and vertebrate Hox13 (P = 0.88 

in AU test and P = 1.00 in SH test; S-Table 3). The best tree violating this relationship 

(rank 18 in S-Table 3) favored the orthology between AmphiHox15 and vertebrate 

Hox14. The 1-to-1 comparison between the ML tree and the best tree topology 

violating the orthology between AmphiHox15 and vertebrate Hox13 revealed that the 

latter was not significantly rejected by the AU test (P = 0.14), and the SH test (P = 

0.17) at the 5% level.  
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Figure 6. Phylogenetic relationships between the chordate posterior Hox genes.  
(A) Hypothesis A. This scenario is based on independent tandem duplications 
(arrows) in the amphioxus and the vertebrate Hox cluster which gave rise to the 
posterior Hox genes. (B) Hypothesis B. This scenario implies a fully duplicated set of 
posterior Hox genes which existed already before the split between 
cephalochordates and vertebrates. Based on syntenic relationships, the orthology 
(arrows) between each amphioxus posterior Hox gene and its putative vertebrate 
counterpart is assigned. Likelihood values of the best tree topology of each proposed 
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hypothesis was calculated assuming LG+F+ũ4 model (shape parameter Ŭ = 0.45). 
(C) The ML tree obtained in a heuristic analysis. Note that the tree topology is 
significantly different from those in A and B. The gray background indicates the part 
of the tree whose topology is identical to previous reports (Holland et al. 2008; 
Thomas-Chollier et al. 2010). Support values at nodes are shown in order, bootstrap 
probabilities in the NJ and the ML analysis, and Bayesian posterior probabilities. See 
S-Table 1 for accession IDs of the included sequences. 
 

Discussion 

 

Phylogenetic distribution of vertebrate Hox14 

The vertebrate PG14 failed to be identified until 2004, because it is not present in the 

tetrapod and teleost lineages, which contain virtually all of the fully sequenced 

vertebrate genomes to date. The Hox14 members identified to date are restricted to 

more basal vertebrates, such as lamprey (Kuraku et al. 2008), chondrichthyans 

(Powers, Amemiya 2004; Ravi et al. 2009), lungfish (Liang et al. 2011 and this study) 

and coelacanth (Powers, Amemiya 2004). Interestingly, no single vertebrate species 

has been found to possess more than one functional Hox14 gene (Figure 4B). The 

restricted phylogenetic distribution implies that the evolutionary history of the 

vertebrate PG14 is characterized by frequent secondary gene losses (Figure 4B). For 

example, no HoxC14 gene has been identified to date, and was most likely lost 

immediately after the 2R-WGD (Figure 4B). In contrast to HoxC14, the timings of 

gene loss events of other Hox14 genes cannot be precisely mapped onto the 

vertebrate species tree. More sequence data of non-teleost actinopterygians (bichir, 

sturgeon, paddlefish, gar and bowfin) or cyclostomes (hagfish and lamprey) could 

potentially reveal more cryptic Hox14 genes, which would lead to a more detailed 

picture of vertebrate PG14 evolution. 

While the Hox clusters of the crown teleosts (Clupeocephala) were 

investigated genome-wide in great detail, our current knowledge about the Hox 

clusters of non-teleost actinopterygians and basal teleost fish species 

(Osteoglossomorpha and Elopomorpha; see Figure 2) is sparse. The only studies 

performed to date are PCR surveys of Hox gene repertoires in the basal teleosts, 

Japanese eel (Anguilla japonica; Elopomorpha) and the goldeye (Hiodon alosoides; 

Osteoglossomorpha), and a basal actinopterygian, a bichir (Polypterus palmas) 

(Ledje, Kim, Ruddle 2002; Chambers et al. 2009; Guo, Gan, He 2010). To gain a full 

picture of the phylogenetic distribution of vertebrate Hox14, genome-wide resources 
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for these animals are still awaited. In contrast, abundant sequence data is available 

for laboratory teleost fish models, and the absence of any Hox14 sequence from 

whole-genome data and EST databases is convincing evidence for the loss of the 

PG14, likely early in teleost or actinopterygian fish evolution (Figure 4B). 

 

Functional evolution of Hox14 

The lungfish Hox14 member we identified in this study belongs most likely to the Hox 

A cluster (Figure 4A). It should be noted that this interpretation could be misled by so-

called óhidden paralogyô if more gene losses than estimated by the most 

parsimonious scenario had occurred (Kuraku 2010). Unfortunately, an attempt to 

screen a N. forsteri BAC library failed to isolate clones containing N. forsteri HoxA14, 

and thus the physical linkage of N. forsteri HoxA14 to the Hox A cluster still needs to 

be proven (C. Amemiya, personal communication). 

Our phylogenetic analysis revealed a high affinity of lamprey Hox14Ŭ to 

jawed vertebrate HoxD14 genes (Figure 4A). This possible orthology suggests that 

the lamprey once experienced or still maintains a condition with four Hox clusters, 

and that cyclostomes diverged after the quadruplication of the ancestral vertebrate 

genome (reviewed in Kuraku 2008; Kuraku, Meyer, Kuratani 2009). 

Expression data of Hox14 genes has been revealed to date only in the 

cloudy catshark, lesser spotted dogfish and the lamprey (Kuraku et al. 2008; Oulion 

et al. 2011). Lamprey Hox14Ŭ and HoxD14 of the two sharks share the hindgut-

associated expression (Kuraku et al. 2008; Oulion et al. 2011). Our real-time PCR 

analysis in lungfish embryos indicated significant expression of NfHoxA14 in the 

hindgut containing tissue sample, but not in other tissue samples (Figure 5). Thus, all 

vertebrate Hox14 genes analysed to date show no significant expression in the CNS, 

somites or fin buds, in which at least some of PG1-13 genes are expressed in a 

colinear fashion (Dolle et al. 1989; Hunt et al. 1991). HoxA14 of lungfish (Figure 5) 

and HoxD14 of the cloudy catshark (Kuraku et al. 2008) share the hindgut-associated 

expression despite their assignment to different Hox clusters (A and D respectively). 

This suggests an early establishment of this shared expression pattern and its 

decoupling from the Hox code already before the 2R-WGD. 

 

Independent origins of vertebrate and amphioxus Hox14 

The ancient decoupling of vertebrate Hox14 from the Hox code (Kuraku et al. 2008) 
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raises the question about the phylogenetic origin of vertebrate Hox14. The single Hox 

cluster of the cephalochordate amphioxus also possesses a gene called Hox14. This 

gene was previously shown to be not orthologous to the vertebrate PG14, but rather 

to be derived from a tandem duplication in the amphioxus lineage (Powers, Amemiya 

2004; Kuraku et al. 2008). Our analysis also suggests that there is no ortholog of the 

vertebrate PG14 in amphioxus (Figure 6C). This result can be explained by two 

alternative scenarios. The first scenario is that the origin of vertebrate PG14 dates 

back to a vertebrate-specific tandem duplication before the 2R-WGD, but after the 

cephalochordate-vertebrate split. The second scenario is that an ortholog of 

vertebrate Hox14 already existed in the last common ancestor of chordates, but was 

secondarily erased from the amphioxus Hox cluster. Previous studies supported the 

second scenario (Holland et al. 2008; Thomas-Chollier et al. 2010). In fact, our 

phylogenetic analysis, based on the more up-to-date and focused dataset, also 

favors the second scenario (Figure 6C).  

 Previous studies supported the orthology between vertebrate PG13 and 

AmphiHox15 (Holland et al. 2008; Thomas-Chollier et al. 2010). Our analysis also 

strongly supports this orthology (S-Table 3; Figure 6C), although this result is not 

significantly supported. Overall, the present study does not support any 1-to-1 

orthology of posterior Hox genes between amphioxus and vertebrates based on their 

relative location in the cluster (Figure 6C; S-Table 2). Our phylogenetic analysis, 

based on the enriched data set, statistically rejected the two simple scenarios which 

assume either independent tandem duplications after the split between amphioxus 

and vertebrate lineages (Figure 6A) or full retention of genes derived from tandem 

duplications before the split between amphioxus and vertebrate lineages (Figure 6B; 

S-Table 2). Hence, as in previous studies (Holland et al. 2008; Hueber et al. 2010; 

Thomas-Chollier et al. 2010), our analysis contradicts the paradigm of the 

'deuterostome posterior flexibility' that postulates obscured 1-to-1 orthologies 

(Hypothesis B in Figure 6B; see Introduction; Ferrier et al. 2000). If the óposterior 

flexibilityô is true, it would violate the modern methodological framework of molecular 

phylogenetics on which the convincing results of unlikelihood of the scenario (S-

Table 2) is based. The enriched data set does not contain sufficient phylogenetic 

signals to confidently support a particular scenario, but at least contains sufficient 

information to rule out the possibility of ancient tandem duplications before the 

separation of amphioxus and vertebrate (Figure 6B) as well as the hypothesis in 
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Figure 6A. The most likely scenario could be that the posterior Hox genes of 

amphioxus and vertebrates are derived from an ancestor which possessed a subset 

of posterior Hox genes, and that lineage-specific tandem duplications, and secondary 

gene losses shaped the Hox clusters differentially between these two lineages. Thus, 

the amphioxus Hox cluster should not be regarded as óarchetypal' (Amemiya et al. 

2008). From the viewpoint of vertebrate evolution, the hindgut-associated expression 

of Hox14 and its decoupling from the Hox code are special features as a PG unique 

to vertebrates. It is also remarkable that Hox14 is, to our knowledge, always 

represented by at most one gene per species, because one of the specialties of 

vertebrate Hox functions is the redundancy achieved by multiplied clusters, seen in 

almost all PGs in species examined to date (except for PG7 in teleost fishes and 

PG12 in Xenopus tropicalis; see Kuraku, Meyer 2009).  
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Abstract 

The functional equivalence of Pax6/eyeless genes across distantly-related animal 

phyla has been one of central findings on which Evo-Devo studies is based. In this 

study, we show that Pax4, in addition to Pax6, is a vertebrate ortholog of the fly 

eyeless gene [and its duplicate, twin of eyeless (toy) gene, unique to Insecta]. 

Molecular phylogenetic trees published to date placed the Pax4 gene outside the 

Pax6/eyeless subgroup as if the Pax4 gene originated from a gene duplication before 

the origin of bilaterians. However, Pax4 genes had only been reported for mammals. 

Our molecular phylogenetic analysis, including previously unidentified teleost fish 

pax4 genes, equally supported two scenarios: one with the Pax4-Pax6 duplication 

early in vertebrate evolution and the other with this duplication before the bilaterian 

radiation. We then investigated gene compositions in the genomic regions containing 

Pax4 and Pax6, and identified (1) conserved synteny between these two regions, 

suggesting that the Pax4-Pax6 split was caused by a large-scale duplication and (2) 

its timing within early vertebrate evolution based on the duplication timing of the 

members of neighboring gene families. Our results are consistent with the so-called 

two-round (2R) genome duplications in early vertebrates. Overall, the Pax6/eyeless 

ortholog is merely part of a 2:2 orthology relationship between vertebrates (with Pax4 

and Pax6) and the fly (with eyeless and toy). In this context, evolution of 

transcriptional regulation associated with the Pax4-Pax6 split is also discussed in 

light of the zebrafish pax4 expression pattern that is analysed here for the first time. 

 

Introduction 

 

Members of the Pax (paired-box) gene family encode transcription factors that play 

crucial roles in development (Wehr, Gruss 1996). A milestone in the 1990s which 

promoted subsequent intensive studies on Pax genes was the ability of the 

Drosophila melanogaster eyeless gene as well as its mouse ortholog Pax6 to induce 

eye formation when expressed ectopically in flies (Halder, Callaerts, Gehring 1995). 

Pax6/eyeless genes have thus been recognized as the master control gene for eye 

development (Gehring, Ikeo 1999). A recent report on secondary changes in the 

insect lineage shed light on a divergent aspect of the Pax6/eyeless orthology (Lynch, 

Wagner 2010). The aim of this paper is to investigate possible changes in the gene 

repertoire and gene regulation in the chordate lineage. 
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Traditionally, non-phylogenetic classifications have grouped Pax4 with Pax6 

because of the absence of a conserved octapeptide in both of them (Wehr, Gruss 

1996). The other vertebrate Pax genes are divided into the classes Pax1/9, Pax3/7 

and Pax2/5/8, depending on the completeness of the homeodomain (Chi, Epstein 

2002). Recent studies suggested that the first wave of the diversification of the Pax 

gene family dates back to the early metazoan era (Matus et al. 2007). The second 

wave of the diversification of Pax genes later in the vertebrate lineage is marked by 

gene duplications between Pax2, -5 and -8 (Kozmik et al. 1999; Bassham, Canestro, 

Postlethwait 2008; Goode, Elgar 2009), between Pax1 and -9 (Holland, Holland, 

Kozmik 1995; Ogasawara et al. 1999; Mise et al. 2008) and between Pax3 and -7 

(Holland et al. 1999). These gene duplications occurred after invertebrate chordates 

branched off, but most likely before the split between gnathostomes and cyclostomes 

(McCauley, Bronner-Fraser 2002; O'Neill, McCole, Baker 2007). This timing matches 

that of so-called two-round whole genome duplications (2R-WGD; Lundin 1993; 

Holland, Holland, Kozmik 1995; Sidow 1996; Spring 1997) implicated in early 

vertebrate evolution (reviewed in Panopoulou, Poustka 2005; Kuraku, Meyer, 

Kuratani 2009). However, it has not been explored, in the modern framework of 

molecular phylogenetics and comparative genomics, whether the Pax4-Pax6 split 

also coincided with this second wave of diversification (Figure 7A). 

The timing of the gene duplication has significant impacts on our 

understanding of evolutionary modification of gene repertoires and functions. In fact, 

Pax4 genes have been reported only for human (Pilz et al. 1993), mouse (Sosa-

Pineda et al. 1997) and rat (Tokuyama et al. 1998), suggesting that Pax4 originated 

from a gene duplication unique to the mammalian lineage (Figure 7B). However, 

family-wide phylogenetic analyses performed to date usually suggested an ancient 

origin of the Pax4 gene early in metazoan evolution (Figure 7C) (Wada et al. 1998; 

Breitling, Gerber 2000; Hoshiyama, Iwabe, Miyata 2007). In these studies, 

invertebrate genes identified as Pax6 orthologs, such as fly eyeless (Bopp et al. 

1986) and Caenorhabditis elegans vab-3 (Chisholm, Horvitz 1995; Zhang, Emmons 

1995), were shown to be more closely related to vertebrate Pax6 genes, than to Pax4 

genes (Figure 7C). Because critical phylogenetic signals may be obscured by 

divergent sequences from other Pax classes, the long-standing question regarding 

the timing of the Pax4-Pax6 split should be addressed using a focused dataset 

aiming to resolve the Pax4-Pax6 relationship. 
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Figure 7. Three possible scenarios of the timing of gene duplication between Pax4 
and Pax6.  
Arrows indicate the Pax4-Pax6 split. (A) The Pax4-Pax6 duplication took place in the 
vertebrate lineage, and both Pax4 and Pax6 are orthologous to invertebrate 
Pax6/eyeless genes. Inside other Pax classes, namely Pax1/9, Pax3/7 and Pax2/5/8, 
paralogs that share the same structural property were also duplicated at this timing 
(see Introduction). This scenario, however, has never been suggested by molecular 
phylogenetic analysis. (B) Pax4 originated in a relatively recent gene duplication from 
mammalian Pax6. This scenario has been previously supported by the presence of 
Pax4 genes only in mammals. (C) The Pax4-Pax6 duplication predates the 
deuterostome-protostome split. Family-wide phylogenetic analyses usually support 
this scenario (see Introduction). However, no non-mammalian and invertebrate 
orthologs of Pax4 have been reported. 

 

Gene duplications are usually followed by interplay between duplicates in 

terms of their functional differentiation. Thus, a comparison of the regulation and 

functions of duplicates can also lead to better understanding of gene family evolution. 

In mammals, in addition to the aforementioned inductive role in eye development, 

Pax6 is involved in development of the central nervous system (CNS), including the 
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fore- and hindbrain, the neural tube, the pituitary and the nasal epithelium (Walther, 

Gruss 1991). In mouse, Pax6 is also expressed in all the four cell types (Ŭ, ɓ, ŭ and 

ɔ) in the islets of Langerhans, the endocrine part of the pancreas (St-Onge et al. 

1997). In zebrafish, a composite expression pattern of pax6a and pax6b highly 

resembles that of its mouse ortholog (Kleinjan et al. 2008; also see Kinkel, Prince 

2009 for a review on zebrafish pancreas development). 

In contrast, Pax4, identified only in mammals, has not been implicated in eye 

development, but is rather expressed in the retinal photoreceptor cells (Rath et al. 

2009a). Pax4 is also expressed mainly in the ɓ-cells of the pancreas, and is 

necessary for the differentiation of both ɓ- and ŭ-cell lineages (Sosa-Pineda et al. 

1997). A recent study revealed plasticity for pancreatic Ŭ-cells to transdifferentiate 

into ɓ-cells (Thorel et al. 2010). Importantly, Pax4 can trigger this transdifferentiation 

(Collombat et al. 2009; also see Liu, Habener 2009). This aspect of the Pax4 function 

attracts attentions as a potential clinical target of diabetes therapy (Gonez, Knight 

2010). It would be intriguing to reveal possible alterations or conservation in 

regulation of Pax4 expressions during evolution in order to reveal the evolutionary 

history of partitioned or redundant roles between Pax4 and Pax6 genes. However, a 

thorough comparative picture has been obscured by the lack of our knowledge about 

non-mammalian Pax4 orthologs. 

In this study, we characterized the previously unidentified non-mammalian 

Pax4 orthologs in teleost fish genomes and performed combinatorial analyses on 

molecular phylogeny, conserved synteny and gene expression patterns. Our analysis 

favours a scenario which postulates the duplication between Pax4 and Pax6 genes in 

the 2R-WGDs (Figure 7A). In light of this evolutionary scheme, we conclude that 

Pax4 secondarily lost its expression in the central nervous system (CNS) after the 

2R-WGD early in vertebrate evolution. This could have led to the highly asymmetric 

evolution between Pax4 and Pax6. 

 

Materials and methods 

 

RT-PCR 

Total RNA was extracted from a whole 52 hpf zebrafish embryo. The RNA was 

reverse transcribed into cDNA with SuperScript III (Invitrogen) using a 3' RACE 

System (Invitrogen). This cDNA was used as template in the following 3' RACE PCR. 
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The first reaction was performed using the forward primer 5'-

GACTGAGGGAATGAGACCAT-3', and the product of this PCR was used as 

template for the nested PCR with the forward primer 5'-

CGCAGAGGAGACAAACCTTT-3'. These primers were designed based on zebrafish 

transcript sequences in Ensembl (ENSDART00000027919 and 

ENSDART00000078690). The middle fragment was amplified using the forward 

primer 5'-ATGATTGAGCTGGCGACTGA-3' and the reverse primer 5'-

TCAAACTTTCGCTCCCTCCT-3' in the first PCR and the forward primer 5'-

GACTGAGGGAATGAGACCAT-3' and the reverse primer 5'-

CCTCATCCTCGCTCTTGATA-3' in a nested PCR. The upstream fragment (covering 

the start codon) was amplified using the forward primer 5ô-

TTTCTAGGATGTTCAGCC-3' and the reverse primer 5'-CTCTTGTGCTGAACTATG-

3' in the first PCR and the forward primer 5'-CAGCCAATTCTGCATGTA-3' and the 

reverse primer 5'-TGATGGAGATGACTTCAG-3' in a nested PCR. We concatenated 

the sequences of these three fragments into one with the full-length open reading 

frame (ORF) and deposited it in EMBL under the accession number FR727738. 

For in situ hybridization to detect zebrafish pax6b transcripts, a fragment 

covering its 3'-end was isolated with 3' RACE using the forward primer 5'-

GTTTCACTGTTTTGCTCG-3' in the first PCR, and the forward primer 5'-

ACAGGACAACGGTGGTGAAAA-3' in the nested PCR. 

 

In situ hybridization 

Two zebrafish pax4 riboprobes were prepared separately using the middle and 3' 

cDNA fragments described above. Whole-mount in situ hybridization using the pax4 

riboprobes labeled with digoxigenin (DIG)-UTP and the pax6b riboprobes labeled 

with Fluorescein (Roche Applied Science) was performed as previously described 

(Begemann et al. 2001). Hybridization was detected with alkaline phosphatase (AP)-

conjugated anti-DIG antibody (Roche Applied Science) followed by incubation with 

NBT/BCIP for pax4, and with AP-conjugated anti-Fluorescein antibody (Roche 

Applied Science) followed by INT/BCIP-based detection for pax6b. In double in situ 

staining, pax6b transcripts were detected first, and after a washing step in 0.1 M 

glycine (pH 2.2), pax4 transcripts were detected. 

Fluorescent in situ hybridization was performed using the tyramide signal 

amplification (TSA) system (Invitrogen) as instructed by the manufacturer. DIG-
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labeled riboprobe was detected with horseradish peroxidase (HRP)-conjugated anti-

DIG antibody. After incubating with biotinyl-tyramide, fluorescent signal was detected 

with streptavidin-488 (Invitrogen). 

 

Retrieval of sequences 

Sequences for members of the Pax gene family were retrieved from the Ensembl 

genome database (version 58; Hubbard et al. 2009) and NCBI Protein database, by 

performing Blastp searches (Altschul et al. 1997) using mammalian Pax4 and Pax6 

peptide sequences as queries. The zebrafish pax4 sequence was curated by aligning 

the cDNA sequence we isolated in this study with the zebrafish genome assembly 

Zv8 (S-Figure 2). 

 

Molecular phylogenetic analysis 

An optimal multiple alignment of 54 collected amino acid sequences (see S-Table 4) 

was constructed with the program MAFFT (Katoh et al. 2005). In tree inferences, we 

used amino acid residues unambiguously aligned with no gaps, which cover both 

paired domain and homeodomain. Optimal amino acid substitution models were 

selected by ProtTest (Abascal, Zardoya, Posada 2005). The phylogenetic tree 

inference with the first dataset employed the LG + I + ũ4 model, while the inference 

with the second dataset (see below) employed the JTT + ũ4 model. Heuristic tree 

searches with the ML method were performed in PhyML (Guindon, Gascuel 2003) 

with 100 bootstrap resamplings. 

Exhaustive tree searches with the ML method were performed using Tree-

Puzzle (Schmidt et al. 2002), where we input all 10,395 possible tree topologies 

consisting of eight operational taxonomic units (OTUs), namely, (1) mammalian Pax4, 

(2) teleost Pax4, (3) gnathostome (jawed vertebrate) Pax6, (4) lamprey Pax6, (5) 

amphioxus Pax6, (6) tunicate Pax6, (7) protostome Pax6/eyeless orthologs (including 

eyeless and twin of eyeless) and (8) outgroup (putative Nematostella vectensis Pax6 

ortholog, Ciona Pax3/7, fly paired, human Pax3 and human Pax7) (for species 

names and accession IDs, see S-Table 4). Relationships within these individual 

OTUs were constrained according to generally accepted species phylogeny (Meyer, 

Zardoya 2003; Cracraft, Donoghue 2004; Philippe et al. 2005; Tsagkogeorga et al. 

2009; Wiegmann et al. 2009). To provide support values, we performed bootstrapping 

with 100 resamplings by running Tree-Puzzle. Statistical tests to evaluate alternative 
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tree topologies were performed using CONSEL (Shimodaira, Hasegawa 2001). 

Bayesian inferences were performed in MrBayes (Huelsenbeck, Ronquist 2001), 

where we ran 10,000,000 generations, sampled every 100 generations and excluded 

25% of the sample as burnin. 

 

Identification of conserved synteny 

Via the BioMart interface, we downloaded a list of Ensembl IDs of 47 genes harbored 

in the genomic region spanning 20 Mb both upstream and downstream of Pax6 gene 

in human, together with IDs of paralogs of those genes. Our selection of genes in the 

Pax6-containing region that also had a paralog on chromosome 7 in a distance of 20 

Mb up- and downstream of Pax4 resulted in eight cases. For each of these eight 

cases, we collected homologous sequences in the Ensembl and NCBI Protein 

databases, and inferred a molecular phylogenetic tree as described above (S-Figure 

6). 

 

Survey of potential cis-regulatory elements 

To identify conserved non-coding elements (CNEs) shared between Pax4 and Pax6, 

we used two approaches. First, we aligned the genomic regions containing the two 

genes using mVISTA (Frazer et al. 2004; http://genome.lbl.gov/vista/) under the 

default conservation parameters (70% identity for 100 bp of alignment length). In the 

alignment, we included a number of vertebrate species including human, mouse, 

cow, opossum, platypus, chicken, Xenopus laevis and zebrafish. Second, we 

implemented an analysis to detect local similarity in non-coding regions which is 

obscured by translocation and inversion of cis-regulatory elements. We extracted the 

intronic as well as the intergenic sequences until the next genes or within a length of 

200 kb surrounding the two genes on the human chromosomes. To detect local 

similarities between the two non-exonic regions, one of the sequences was used as a 

query in a Blastn search against the other. 

To detect CNEs shared between Pax4-containing genomic regions of different 

species, we retrieved genomic sequences covering Pax4 locus with 10 kb flanking 

sequences on both ends. When the next gene was located closer than 10 kb, only 

the intergenic region until the next gene was retrieved. Those sequences were 

compared in mVISTA. We also referred to VISTA Enhancer Browser containing 

experimentally validated non-coding fragments with transcriptional enhancer activity 
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(Visel et al. 2007; http://enhancer.lbl.gov/), only to find that there is no Pax4-

associated enhancer registered in this database. 

 

Results 

 

Identification of teleost fish Pax4 genes 

As a result of Blastp searches using mammalian Pax4 sequences, we identified 

Ensembl peptide sequences in the five teleost fish species with sequenced genomes 

that show higher similarity to Pax4 than to Pax6. Of these, in Ensembl database, only 

the zebrafish ones (ENSDARP00000013792 based on the Ensembl gene 

ENSDARG00000021336 and ENSDARP00000073151 based on the gene 

ENSDARG00000056224) were not annotated as pax4. As in zebrafish, two peptides 

similar to pax4, derived from two genes annotated separately were found in 

Tetraodon nigroviridis (ENSTNIG00000000660 and ENSTNIG00000011020). 

We isolated cDNA fragments of zebrafish pax4 by means of RT-PCR, and 

compared a resultant concatenated cDNA sequence with those in Ensembl. Our 

sequence matched both of the two zebrafish Ensembl entries, suggesting that these 

two were split because of a misidentification of the ORF of a single pax4 gene. We 

then aligned these sequences with the corresponding region in the genome 

assembly Zv8, and identified a putative full-length protein-coding sequence (Fig. S1). 

In this comparison, a presence of an exceptional splice donor site ('GC' instead of 

'GT') was revealed (S-Figure 2), and this was confirmed with our genomic PCR (data 

not shown). Using its deduced amino acid sequence based on the curated zebrafish 

pax4 ORF, we performed tBlastn searches in the genome assembly of other teleost 

fishes in Ensembl, and identified their putative pax4 peptide sequences (S-Figure 3). 

Because the two aforementioned Tetraodon sequences do not share a region 

homologous to each other and are intervened by only a 66-bp stretch in the genome 

assembly, it is likely that they were also split because of a possibly wrong annotation 

of the ORF in the Ensembl database. Overall, in the five teleost fish species with 

sequenced genomes, we did not find any sequence which would represent the 

second pax4 paralog derived from the teleost-specific genome duplication (TSGD; 

Kuraku, Meyer 2009). 
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Figure 8. Expression patterns of pax4 in zebrafish embryos.  
All pictures except D (pax6b) and F (double staining of pax4 in blue and pax6b in 
red) show expression of zebrafish pax4. The pax4 riboprobe was synthesized with 
the 3' cDNA fragment (see Materials and Methods). Expression of pax4 in the 
pancreas is indicated by arrowheads (A-C, E, F). (A, B) Dorsal views showing 
expression signals in the developing pancreas at 13 hpf (A) and 24 hpf (B). (C) A 
lateral view of the expression domain in the pancreas in a 24 hpf embryo. (D-F) 
Ventral views of pax6b (D), pax4 (E) and double staining of pax6b (red) and pax4 
(purple) (F) in pancreatic tissue of 24 hpf embryos. (G) Fluorescent expression signal 
in the developing stomodeum (arrows) in a lateral view of a 72 hpf embryo. (H, I) A 
lateral view of the pax4 expression in the stomodeum at 72 hpf and a ventral view of 
the same embryo (arrows). Abbreviations: ey, eye; oc, oral cavity. Scale bars: 100 
ɛm in A-C and G-I; 50 ɛm in D-F. 
 

Sequence alignment containing the five teleost pax4 genes, other members of 

the Pax4/6 class, and human paralogs revealed a high level of conservation in the 

paired domain and in the homeodomain (S-Figure 3). Many of the amino acid 

residues conserved between Pax6 sequences and their invertebrate orthologs were 

revealed to be altered in Pax4 sequences (S-Figure 3). 

 

Expression analysis of zebrafish pax4 

Expression patterns of zebrafish pax4 were investigated by in situ hybridization for 

embryos spanning from 6 hours post fertilization (hpf) to 5 days post fertilization (dpf). 

Identical expression patterns were observed with both probes (see Materials and 

Methods).  
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The earliest signals were detected in the developing pancreas at 13 hpf 

(Figure 8A), where expression persisted until 30 hpf. The strongest expression was 

seen around 24 hpf (Figure 8B, C, E, and F). To examine the relative localization of 

the pancreatic expression signals of pax4 to that of pax6b, a marker of early 

pancreatic endocrine cell development (Biemar et al. 2001), we conducted a double 

staining of these two genes in 24 hpf zebrafish embryos. We observed partial overlap 

of pax4 and pax6b expressions (Figure 8F). Expression of pax4 was nested in the 

pax6b-expressing domain in the endocrine part of the developing pancreas (Figure 

8D-F). 

Expression of pax4 in the stomodeum was detected from 57 hpf to 96 hpf 

(Figure 8G-I and not shown). Between 57 and 72 hpf, the expression domain was 

strongest in the ventrolateral corners of the oral cavity and surrounds the future 

mouth (Figure 8G-I). More precisely, the signal in the region of the future lip was 

restricted to mesectodermal layers of the bilaminar stomodeum. The fluorescent in 

situ hybridization staining with the TSA-system additionally showed that the signal in 

the 72 hpf embryo is not restricted to the outer region of the stomodeum, but 

elongates into the oral cavity along the pharynx (Figure 8G). At 96 hpf, pax4 

expression was detected exclusively in the outer surface of the stomodeum, 

corresponding to the future lip (data not shown). 

 

Survey of Pax4 orthologs in non-model species 

To search for Pax4 orthologs outside the mammalian and teleost lineages, tBlastn 

searches were performed online using the human Pax4 peptide sequence as a 

query. First, we performed a search in NCBI dbEST and nr/nt databases of all 

vertebrates, specifying 'Craniata' (taxon ID: 89593 in NCBI Taxonomy) while 

excluding mammalian (taxon ID: 40674) and teleost sequences (taxon ID: 

32443)ˈnote that the taxon 'Craniata' adopted in NCBI Taxonomy is incompatible 

with molecular phylogenetic evidence supporting monophyly of cyclostomes 

(reviewed in Kuraku 2008). Second, we performed tBlastn searches against 

nucleotide genomic sequences of species included in Ensembl Genome Browser 

(http://www.ensembl.org). These searches resulted in no Pax4 sequences in all 

available vertebrate species outside Teleostei and Mammalia, such as Xenopus 

tropicalis, chicken, zebra finch, and anole lizard. Similarly, invertebrate species were 

revealed to have no other Pax4/6 sequences other than those already recognized as 
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Pax6 orthologs. 

Our additional search in Mammalia detected Pax4 orthologs in non-eutherians 

(platypus, ENSOANG00000000819; opossum, ENSMODG00000015218), and early-

branching eutherians (two-toed sloth, ENSCHOG00000009265; African elephant, 

ENSLAFG00000005297, and rock hyrax ENSPCAG00000016257). Overall, our effort 

to find additional Pax4 orthologs, substantiated by available whole genome 

sequences, strongly suggested the restricted phylogenetic distribution of Pax4 

orthologs to Mammalia and Teleostei. Our attempt with RT-PCR to identify Pax4 in 

cyclostomes, chondrichthyans and non-teleost actinopterygian fishes resulted in no 

additional orthologs, which should be confirmed with anticipated whole genome 

sequences of species in those missing lineages. 

 

Molecular phylogeny of Pax4 and Pax6 

Our molecular phylogenetic analysis employed two sequence datasets. The first 

dataset included diverse invertebrates as well as vertebrates (see S-Table 4). 

Heuristic ML tree search and Bayesian inference produced consistent results on 

several points (Figure 9). The putative Nematostella vectensis (starlet sea anemone) 

Pax6 ortholog was placed outside the monophyletic group of bilaterian sequences. 

Inside the Pax6 group of bilaterians, however, the resultant tree topology with many 

low support values was largely inconsistent with generally accepted species 

phylogeny. For this reason, this phylogenetic analysis did not provide sufficient 

resolution to evaluate the alternative scenarios introduced in Figure 7, although the 

overall tree topology vaguely supported the scenario that the gene duplication giving 

rise to Pax4 occurred after the cnidaria-bilateria split, but before the deuterostome-

protostome split (bootstrap probability in the ML analysis, 58). In contrast, the closest 

relationship between mammalian Pax4 and teleost fish pax4, as well as monophylies 

of these two individual groups, were relatively strongly supported (Figure 9; bootstrap 

probability in the ML analysis, 94; Bayesian posterior probability, 1.00). twin of 

eyeless (toy) and eyeless (ey) genes of arthropods were closely related to each 

other, possibly because of a gene duplication in the insect lineage (Punzo et al. 2004; 

Lynch, Wagner 2010).  
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Figure 9. Molecular phylogeny focusing on the Pax4/6 class of genes based on a 
broad taxon sampling.  
This tree was heuristically inferred with the maximum-likelihood (ML) method in 
PhyML (181 amino acid residues; shape parameter for the gamma distribution Ŭ = 
0.88). Support values at nodes are shown in order, bootstrap probabilities in the ML 
analysis, and Bayesian posterior probabilities. The support values are shown only 
when bootstrap probabilities are greater than 50. Pax6 orthologs are coloured for 
different animal phyla (see box at the right). See S-Table 4 for species names and 
accession IDs. Out of the five B. floridae sequence entries in GenBank, the deduced 
amino acid sequence of clone J2 (CAA11365) was not included because of unusual 
gaps. 
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To perform a more focused assessment of the alternative scenarios, we 

prepared the second sequence dataset. In the previous dataset, there were four 

Branchiostoma floridae sequences (designated AmphiPax6) with polymorphic non-

synonymous changes (Glardon et al. 1998) as well as a B. belcheri sequence (Figure 

9). The differences between these sequences were thought to have been introduced 

in the amphioxus lineage, because the monophyly of them was strongly supported 

(Figure 9; bootstrap probability in the ML analysis, 94; Bayesian posterior probability, 

1.00). Of those, we selected only one B. floridae sequence (CAA11366) with no such 

lineage-specific substitution. We excluded Dugesia japonica and Caenorhabditis 

elegans because of long branches leading to these sequences (Figure 9). As jawed 

vertebrates, we retained human, opossum, Xenopus laevis and both pax6a and 

pax6b of zebrafish, Takifugu rubripes and stickleback. Loligo opalescent Pax6 was 

removed because its sequence was identical to Euprymna scolopes Pax6. We also 

excluded Saccoglossus kowalevskii Pax6 and echinoderm Pax6 (Paracentrotus 

lividus and Metacrinus rotundus) and medaka pax4. Using this second dataset 

including selected sequences, we performed a heuristic ML analyses. This analysis 

produced highly ambiguous results (data not shown) as in the analysis employing the 

first dataset (Figure 9). 

To statistically evaluate all possible tree topologies with this selected dataset, 

we performed an exhaustive ML analysis. To focus on the relationships of Pax4 

genes with Pax6 and protostomes Pax6 orthologs, we classify the sequences into 

eight operational taxonomic units (OTUs) with their internal relationships constrained 

according to generally accepted species phylogeny (see Materials and Methods). 

This analysis resulted in the ML tree topology supporting a closer relationship 

of amphioxus Pax6 to jawed vertebrate Pax4 rather than to jawed vertebrate Pax6 

(S-Table 5 ; S-Figure 4). It was also suggested that the Pax4-Pax6 split occurred 

more recently than in the previous analysis (Figure 9), namely in the chordate 

lineage. However, our comparison of the difference of the likelihood of each tree 

topology from that of the ML tree topology revealed as many as 360 tree topologies 

not rejected with 1ů of the log-likelihood (ȹlogL/ů< 1), twenty of which are listed in S-

Table 5. Among the highly ranked tree topologies including the ML, no substantial 

difference was observed in the levels of support based on the approximately 

unbiased (AU) test (Shimodaira 2000), the Shimodaira-Hasegawa (SH) test 
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(Shimodaira, Hasegawa 1999) and resampling of estimated log-likelihoods (Kishino, 

Miyata, Hasegawa 1990; RELL) bootstrap probability (S-Table 5). The clustering 

between teleost pax4 and mammalian Pax4 genes was relatively strongly supported 

(bootstrap probability in the ML analysis, 97; Bayesian posterior probability, 1.00; S-

Figure 4). The tree topology violating this cluster had a significantly lower likelihood 

(ȹlogL = 13.42 Ñ 8.33). 

Notably, apart from the position of pax4 genes, the ML tree topology as well as 

those supported with similar likelihood values (S-Table 5) are inconsistent with the 

generally accepted species phylogeny, when we assume orthology between 

Pax6/eyeless genes of diverse bilaterians. Thus, in order to assess alternative 

scenarios in a probabilistic framework based on the species phylogeny, we limited 

our targets of the statistical analysis with CONSEL to six tree topologies varying only 

the position of vertebrate Pax4 (S-Figure 5). These six included those introduced in 

Figure 7 and the branching pattern with weak support in Figure 9. As a result, these 

tree topologies were revealed to be almost equally probable (Table 1). It was also 

notable that when we compare these six tree topologies with the ML tree in the 

heuristic analysis, all of the six were ranked below 1ů in likelihood values (data not 

shown). 

Table 1. Result of maximum-likelihood analysis on Pax4/6 phylogeny. 

Hypothesis Tree topology 
logL 

P-value 
RELL BP 

AU SH 

1 (o,(pr,(am6,(tu6,(Lj,(g6,(t4,m4))))))) -3240.37 0.55 0.78 0.00 

2 (o,(pr,(am6,(tu6,((Lj,g6),(t4,m4)))))) -3240.37 0.55 0.99 0.21 

3 (o,(pr,(am6,((tu6,(Lj,g6)),(t4,m4)))))  -3240.41 0.48 0.67 0.05 

4 (o,(pr,((am6,(tu6,(Lj,g6))),(t4,m4)))) -3240.41 0.48 0.67 0.24 

5 (o,((pr,(am6,(tu6,(Lj,g6)))),(t4,m4))) -3240.63 0.45 0.47 0.42 

6 (o,(pr,(am6,(tu6,(g6,(Lj,(t4,m4))))))) -3240.37 0.55 0.83 0.09 

Statistical supports of tree topologies corresponding to the six assumed hypotheses 
about the origin of Pax4 are shown. Sequences were categorized into eight OTUs 
with constraints according to the generally accepted species phylogeny as follows: 
am6, amphioxus Pax6; g6, jawed vertebrate Pax6; Lj, lamprey (Lethenteron 
japonicum) Pax6; m4, mammalian Pax4; o, outgroup (putative Nematostella 
vectensis Pax6 ortholog, Ciona Pax3/7, fly paired, human Pax3 and human Pax7); pr, 
protostome Pax6; t4, teleost pax4; tu6, tunicate Pax6. See S-Table 4 for species 
names and accession IDs of sequences in the dataset. Abbreviations: AU, 
approximate unbiased test; RELL BP, bootstrap probability based on resampling of 
log likelihood; logL, log-likelihood value; SH, Shimodaira-Hasegawa test. See S-
Figure 5 for hypothesis 1-6. 
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Examination of the scale of the Pax4-Pax6 duplication 

If the Pax4-Pax6 split took place in the vertebrate lineage (Figure 7A), it is likely that 

it was part of the 2R-WGDs. In this scenario, similar arrays of genes should be found 

between genomic regions containing Pax4 and Pax6. Analyzing phylogeny of those 

genes may allow us to date the timing of the duplication event. We performed a 

comprehensive search of conserved synteny by comparing gene compositions in 40 

Mb genomic stretches (20Mb on both ends) containing Pax4 and Pax6 in the human 

genome (see Materials and Methods). The search resulted in eight gene families 

whose members were shared between the two stretches (S-Figure 6). 

One of these eight gene families included the mitochondrial inner membrane 

protease subunit 1 (IMMP1L) gene on chromosome 11 and the IMMP2L gene on 

chromosome 7. This family experienced a gene duplication before the split between 

the animal and plant lineages (S-Figure 6A). Except for this case, all the other seven 

shared genes were shown to have been duplicated in the vertebrate lineage, before 

the radiation of jawed vertebrates. In all cases where a cartilaginous fish sequence 

was available, it firmly clustered with a particular group of osteichthyan orthologs 

(e.g., CREB3L1, LRRC4; S-Figure 6B and C). Similarly, although not unambiguously 

supported, sea lamprey sequences also clustered with a particular group of jawed 

vertebrate orthologs (e.g., LRRC4, HIPK2, DGKZ ; S-Figure 6C, E and F), suggesting 

that duplications of these genes occurred before the radiation of all extant 

vertebrates. 

In spite of the wide scope (40 Mb) of our comparison, the seven genes 

spanned only 15.9 Mb (on chromosome 11) and 12.1 Mb (on chromosome 7), with 

both of Pax6 and Pax4 residing on the end of the shared gene arrays, respectively 

(Figure 10). Our comprehensive survey of similar sequences in animals and 

molecular phylogenetic analysis detected additional paralogs that duplicated at the 

same evolutionary timing. Leucine-rich repeat containing 4B (LRRC4B) and 

reticulocalbin 3 (RCN3) both on chromosome 19 were revealed to be paralogs of the 

genes identified above on chromosome 7 and 11 (Figure 10; S-Figure 6C and D). In 

addition, homeodomain interacting protein kinase 1 (HIPK1), paralogous to HIPK2 

and HIPK3, was found on chromosome 1 (Figure 10; S-Figure 6E). 
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Figure 10. Conserved synteny containing Pax4 and Pax6 genes.  
The 17.5 Mb stretches on human chromosome 1, 7, 11, and 19 indicated with gray 
background in A are magnified in B. Seven gene families share paralogs commonly 
in the vicinity of Pax4 and Pax6 in the human genome (see S-Table 7 for their exact 
base positions). Members of the same gene family were connected with gray lines. 
Our phylogenetic analysis suggested that those members in individual gene families 
duplicated early in vertebrate evolution (S-Figure 6). 
 

Comparison of non-coding regions of Pax4 and Pax6 genes 

It seemed possible that some of expression domains shared between Pax4 and Pax6 

genes (see S-Table 6) are driven by cis-regulatory elements shared between these 

two genes. To examine this, we downloaded genome sequences containing Pax4 

and Pax6 genes in diverse vertebrates. We employed two different approaches to 

identifying non-coding sequences shared between Pax4-containing and Pax6-

containing genomic regions (see Materials and Methods). However, both did not 

reveal any significant hit (data not shown). 

We identified upstream non-coding sequences conserved within mammalian 

Pax4 (S-Figure 7A), and within teleost fish pax4 (S-Figure 7B). However, no non-

coding sequences flanking Pax4 was revealed to be conserved between mammal 

Pax4 and teleost fish pax4 (S-Figure 7A and B).  

 

Discussion 

 

Pax4 and Pax6 repertoires in vertebrates 

Our survey based on available large-scale genomic and transcriptomic sequences 
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indicated the absence of Pax4 genes in sauropsids (birds and reptiles) and 

amphibians. It is very likely that Pax4 genes were lost in these lineages 

independently. We also failed to identify Pax4 genes in chondrichthyans and 

cyclostomes, for which the Pax6 gene has already been reported. Interestingly, our 

phylogenetic analysis did not necessarily rule out the possibility that the dogfish and 

lamprey Pax6 sequences are orthologous to Pax4 (Figure 9; S-Table 5). However, 

expressions of these early vertebrate Pax6 genes in the CNS (Murakami et al. 2001; 

Derobert et al. 2002), as well as a high level of conservation of amino acid 

sequences between them and osteichthyan Pax6 (S-Figure 3), suggests their 

orthology to osteichthyan Pax6 genes. Taken together, Pax4 genes have only been 

identified in mammals and teleost fishes. 

 

Phylogenetic origin of Pax4 

Identification of Pax4 orthologs in teleost fishes supported the improbability of the 

scenario in Figure 7B, namely a gene duplication specific to the mammalian lineage. 

It was recognized very early that Pax6 sequences exhibit an extremely high level of 

sequence similarity among them, while those of Pax4 are very divergent (Balczarek, 

Lai, Kumar 1997). To accommodate this rate heterogeneity in the dataset, we mainly 

adopted the ML method which is known to be less prone to artifacts such as long 

branch attraction (Philippe et al. 2005). The analysis significantly supported the 

orthology of teleost pax4 to mammalian Pax4 (Figure 9; S-Figure 4; also see 

Results). However, regarding the timing of the Pax4-Pax6 split, our phylogenetic 

analysis did not provide unambiguous results (Table 1). It remained unclear which of 

the alternative hypotheses in S-Figure 5 (including those in Figure 7A and 1C) 

delineates the timing of the Pax4-Pax6 duplication. Since our dataset already 

contains representative species from the major chordate lineages, it does not seem 

likely that further identification of Pax4/6-related sequences will largely improve the 

resolution. The weakly supported molecular phylogeny described so far urged us to 

focus on a different aspect of the evolution of Pax4 and Pax6 genes. 

 

Genomic background of the Pax4-Pax6 duplication 

To examine the timing of the duplication between Pax4 and Pax6, we referred to the 

chromosomal locations of these genes and their neighbors. By detecting similar 

arrays of genes shared between chromosomes (conserved synteny) in a genome 
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and reconstructing the evolutionary history of the harbored gene families, we can 

map the timing of large-scale duplications on the species phylogeny. In the human 

genome, several quartets of chromosomes showing conserved synteny have been 

detected (Kasahara et al. 1996). Some of these served as initial convincing evidence 

of intra-genome duplications (Lundin 1993; Holland et al. 1994; Sidow 1996; Spring 

1997). However, it is also expected that chromosomal rearrangements accelerated 

the decay of ancestral gene order during evolution. Although some effort has been 

made to reconstruct the ancestral vertebrate karyotype (Nakatani et al. 2007; Putnam 

et al. 2008) a small fraction of all genes in sequenced genomes is implicated in those 

highly conserved syntenic regions. 

Our analysis detected eight gene families whose members are co-localized 

inside 40 Mb genomic regions containing Pax4 and Pax6 on chromosome 7 and 11, 

respectively (Figure 10). Except for only one case, molecular phylogenetic analyses 

suggested that the duplications between genes on chromosome 7 and 11 occurred 

early in vertebrate evolution (S-Figure 6). This implies a large-scale duplication 

between these chromosomal regions. So far, no large-scale duplication event before 

the split between teleost and tetrapod lineages, other than the 2R-WGDs, has been 

documented (Van de Peer, Maere, Meyer 2009). Thus, it is likely that the Pax4-Pax6 

split was caused by the 2R-WGDs early in vertebrate evolution (Figure 7A). 

 

Role of Pax4 and its evolutionary change 

We showed that zebrafish pax4 is expressed in the developing pancreas and the 

stomodeum (Figure 8). The pax4 expression in the pancreas, nested in the broader 

pax6b expression (Figure 8, D-F), is concordant with the pattern in mouse, where 

Pax4 expression is restricted to ɓ-cells, while Pax6 is expressed in all the four cell 

types of the endocrine pancreas (St-Onge et al. 1997; Biemar et al. 2001; Delporte et 

al. 2008). This similarity indicates their common ancestry at the base of the 

Osteichthyes. 

Our comparison of non-coding genomic sequences containing Pax4 orthologs 

detected several conserved elements within mammals and within teleost fishes (S-

Figure 7). This included the only upstream enhancer characterized to date which is 

responsible for the pancreatic expression of Pax4 in mouse (Brink, Chowdhury, 

Gruss 2001). However, none of these potential cis-regulatory elements were shared 

between mammals and teleost fishes with a comparable level of similarity (S-Figure 
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7). Our intensive search for conserved non-coding elements shared between Pax4 

and Pax6 also failed to detect potential cis-regulatory elements commonly retained 

between these duplicates (see Materials and methods). 

Expression in the stomodeum, the other pax4-positive domain in zebrafish, 

has never been described for mammalian Pax4 as well as for Pax6 genes. Thus, this 

expression domain should have been gained in the teleost fish lineage. On the other 

hand, expression in the pineal gland and the retina, described for mammals (Rath et 

al. 2009a; Rath et al. 2009b), was not detected in zebrafish (Figure 8). Expressions in 

the retina and the pineal gland have also been reported for Pax6 in many vertebrates 

(Walther, Gruss 1991; Kawakami et al. 1997; Derobert et al. 2002; Navratilova et al. 

2009). Interestingly, even the amphioxus Pax6 ortholog, AmphiPax6, is expressed in 

the lamellar body which is homologous to the pineal gland (Glardon et al. 1998). With 

a few exceptions [absence of zebrafish pax4 expression in the retina and pineal 

gland and absence of Xenopus Pax6 expression in the pineal gland (Hirsch, Harris 

1997)], Pax4 and Pax6 genes are generally expressed in the retina and pineal gland, 

suggesting an ancient origin of these expression domains before the Pax4-Pax6 

duplication. 
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Figure 11. A hypothesized scenario for phylogenetic and regulatory properties of 
Pax4 and Pax6.  
The orthology between Pax6 and eyeless (ey) which is usually referred to as 
functional equivalence is highlighted with a dotted box. Including a duplicate in the 
vertebrate lineage, Pax4, and a duplicate in the insect lineage, twin of eyeless (toy), 
the relationship is 2:2 orthology between vertebrates and the fly. It should be noted 
that none of zebrafish pax6a and pax6b is expressed in the pituitary gland (S-Table 
6). Although their expression was originally implicated in the pituitary (Puschel et al. 
1992), no further studies, including ours, confirmed this interpretation. In zebrafish, 
two Pax6 orthologs, pax6a and pax6b, are expressed in a complementary manner as 
a result of so-called subfunctionalization caused by the teleost-specific genome 
duplication (Kleinjan et al. 2008). Expression domains of Pax4/6 genes in this figure 
are based on the literature included in S-Table 6. See Kammermeier et al. (2001) for 
functional divergences of eyeless and twin of eyeless in the insect lineage. 

 

While Pax4 and Pax6 seem to have retained a subset of expression domains, 

such as the pancreas, retina and pineal gland after the gene duplication, one striking 

feature of Pax4 is the absence of its expression in the central nervous system, 

including the eye and olfactory placode (Figure 8; S-Table 6). Pax4 genes seem to 

have evolved relatively rapidly, based on long branches in molecular phylogenetic 

trees (Figure 9 and S3), experienced more dynamic secondary modification of 

expression patterns, and may have been lost in the birds and amphibian lineages 

(Figure 11). In contrast, Pax6 genes have highly conserved coding sequences 
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(Figure 9 and S3), experienced fewer changes in its highly pleiotropic expression, 

and have been retained in all species studied to date (Figure 11). The asymmetry in 

gene retention, sequence conservation and developmental regulation between Pax4 

and Pax6 illustrates the extent to which gene duplications have contributed to the 

elaboration of gene regulatory networks that govern vertebrate embryogenesis. 
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Abstract 

The paired box (Pax) family of tissue-specific transcription factors regulates key 

developmental pathways in many metazoans, e.g., eye morphogenesis is 

controlled by the Pax6 gene. Being recognized as ómaster control genesô has 

led to large research efforts on the roles of Pax genes in development and 

evolution, and it is thought that vertebrate genomes typically possess nine Pax 

genes (Pax1-9). Our analysis of genomic resources shows that the seemingly 

complete understanding of the core vertebrate gene repertoire needs to be 

revised since we discovered a hitherto unknown member of the Pax gene 

family, designated Pax10. The Pax10 protein sequence lacks the paired 

domain. Database mining and RT-PCR screens identified Pax10 genes in the 

genomes of all major jawed vertebrate lineages except for birds and mammals. 

Pax10 genes are most closely related to the Pax4/6 class. Intra-genomic 

synteny analyses showed that Pax4, -6 and -10 originated in the two rounds of 

whole-genome duplications early in vertebrate evolution. In contrast to the Pax6 

gene that is present in all vertebrates, Pax4 and -10 were lost secondarily 

several times in different vertebrate classes. This asymmetric evolutionary 

pattern is also manifested in shifts in their functional roles. While Pax6 is crucial 

for the development of eyes and the central nervous system, Pax10 does not 

exhibit any embryonic expression in a teleost, an amphibian and a sauropsid as 

demonstrated by in situ hybridizations and semi-quantitative RT-PCRs. 

However, Pax10 expression is detected late during ontogeny in adult retina and 

brain. The discovery of novel cryptic pan-vertebrate genes enabled by 

increasing sequence resources of a broad taxonomic spectrum leads to a more 

detailed understanding of gene repertoire evolution and challenges notions 

about the conservation of regulatory pathways. 

 

Introduction 

 

Vertebrate gene repertoires 

Larger genomic sequence data is pouring into the public databases at ever 

rising rates. This deluge of information allows us to gain a more and more 
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complete picture of core gene repertoires of different sets of organisms at 

different levels of biological complexity. Gene families containing key 

developmental regulators are widely studied in model organisms, and hence 

are considered to be well-characterized without cryptic family members. There 

are, however, some examples of ófamousô gene families of which one member 

had remained unidentified until recently. The vertebrate-specific Hox14 gene 

was discovered as late as in 2004 (Powers, Amemiya 2004), although Hox 

genes belong to one of the best studied gene families (Hoegg, Meyer 2005; 

Lemons, McGinnis 2006; Duboule 2007; Gehring, Kloter, Suga 2009). 

The vertebrate gene repertoire was lastingly shaped by two rounds of 

whole genome duplications (2R-WGD) early in vertebrate evolution (Ohno 

1970; Lundin 1993; Garcia-Fernandez, Holland 1994). These events generated 

four paralogs in vertebrates corresponding to a single invertebrate ortholog, and 

subsequent processes such as neo-, subfunctionalization or complete loss of 

function modified this initial abundance of genetic raw material. Genes that play 

crucial roles in development tend to be highly conserved and therefore present 

throughout vertebrates. In contrast, genes that are less crucial for development 

and survival experience a less selective pressure in the form of balancing 

selection, and are hence permitted to be differentially lost in vertebrate lineages 

(Lynch et al. 2001). Examples are the Bmp16 gene, a sister gene of the highly 

conserved Bmp2 and -4 genes (Feiner et al. 2009), that has only been identified 

in teleosts so far, or the Pdx2 gene, a duplicate of the pancreatic key regulator 

Pdx1, that is only retained in cartilaginous fish and coelacanths (Mulley, Holland 

2010). 

 

The Pax gene family 

Members of the Pax gene family encode transcription factors that play crucial 

regulatory roles in metazoan development (Wehr, Gruss 1996). All vertebrate 

Pax proteins identified to date are characterized by the presence of a paired 

domain. They are divided into the four classes Pax1/9, Pax3/7, Pax2/5/8 and 

Pax4/6, depending on the completeness of a homeodomain and the presence 

of an octapeptide (see Figure 12) (Wehr, Gruss 1996; Chi, Epstein 2002). The 
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last common ancestor of bilaterians, the so-called óUrbilateriaô, possessed 

representatives of these four gene classes, plus an additional class, the 

PaxA/Pox neuro class, restricted to invertebrates (Matus et al. 2007). Before the 

radiation of vertebrates, these four classes were quadruplicated in the 2R-WGD 

(Wada et al. 1998; Holland et al. 1999; Ogasawara et al. 1999; Manousaki et al. 

2011). 

Currently, Pax4 and -6 genes have been recognized as two subtypes of 

the Pax4/6 class of genes. While the Pax6 gene is prevalent throughout 

vertebrates, reports of the Pax4 subtype have been confined to mammals (Pilz 

et al. 1993; Tamura et al. 1994) and teleost fish (Hoshiyama, Iwabe, Miyata 

2007; Manousaki et al. 2011).  

 

 

Figure 12. Domain structure of vertebrate Pax proteins. 
The presences of paired domains (PD), homeodomains (HD) and octapeptides 
(O) are depicted for all vertebrate Pax proteins. To date, no paired box has 
been identified in any of the Pax10 genes, and thus, mature Pax10 proteins 
presumably lack a paired domain. This figure was adapted from Wehr and 
Gruss (1996). 

 

Developmental roles of Pax4 and -6 

The Pax6 gene has been recognized for its role as ómaster control geneô for eye 

development. Studies in the 1990s revealed the ability of an ectopically 
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expressed mouse Pax6 gene to induce ectopic eyes in Drosophila (Halder, 

Callaerts, Gehring 1995). Apart from this inductive role in eye development, the 

vertebrate Pax6 gene is involved in the development of the central nervous 

system (CNS), including fore- and hindbrain, the neural tube, the pituitary, the 

nasal epithelium and the endocrine part of the pancreas (Walther, Gruss 1991; 

St-Onge et al. 1997). In zebrafish, the role of the endocrine pancreatic 

expression is assumed by only one of the duplicates, namely pax6b (Delporte 

et al. 2008), derived from the third round of WGD in teleosts (teleost-specific 

genome duplication, TSGD; Amores et al. 1998; Wittbrodt, Meyer, Schartl 1998; 

Meyer, Van de Peer 2005b). The Pax4 gene is essential for the differentiation of 

insulin-producing ɓ-cells in the endocrine part of the mammalian pancreas 

(Sosa-Pineda et al. 1997), but not of the zebrafish pancreas (Djiotsa et al. 

2012). This indicates evolutionarily conserved roles of Pax6 and lineage-

specific differences in the roles of Pax4 during pancreas development in 

vertebrates. The Pax4 gene of mammals and teleost fishes is not implicated in 

the development of eyes (Manousaki et al. 2011), (Rath et al. 2009a). However, 

mammalian Pax4 genes are expressed in photoreceptors in the outer nuclear 

layer of the adult mammalian retina in a diurnal rhythm (Rath et al. 2009a). 

Vertebrate Pax6 has been demonstrated to be expressed in other neuronal 

layers of the mature retina, namely the inner nuclear layer, the ganglion cell 

layer and in several species including a shark, zebrafish, chicken and mouse, 

also in the horizontal cell layer (Belecky-Adams et al. 1997; Macdonald, Wilson 

1997; Wullimann, Rink 2001; Ferreiro-Galve, Rodriguez-Moldes, Candal 2011). 

The teleost pax4 gene gained an expression domain that has not been 

attributed to any other Pax gene, namely the stomodeum which corresponds to 

the developing lip (Manousaki et al. 2011). 

 

Aim of this study 

In this study, we characterized the previously unidentified vertebrate Pax10 

gene. We report the putative absence of this novel gene from mammals and 

birds and present evidence for the origin of Pax4, -6 and -10 in the 2R-WGD. 

We mapped the presumed absences of Pax4 and -10 genes onto the vertebrate 
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phylogeny and inferred independent secondary gene losses of both genes in 

several lineages of vertebrates. In the mammalian lineage, the absence of 

Pax10 was caused by a single-gene deletion. Our gene expression analyses in 

the zebrafish, a frog and the green anole lizard revealed Pax10 expression in 

the adult retina and brain, but presumably no role of Pax10 during embryonic 

development. We propose a possible scenario focusing on the events that may 

have shaped the evolution of vertebrate Pax4/6/10 gene repertoires. We also 

parsimoniously infer secondary modifications of expression profiles that led to 

the functional partitioning of Pax4/6/10 subtypes in extant vertebrates. 

 

Results 

 

Identification of Pax10 genes in diverse vertebrates except mammals, 

birds and chondrichthyans 

We identified a previously uncharacterized protein-coding gene, sister to Pax4 

and -6, in the óGene Treeô view in version 54 of the Ensembl genome database 

(http://www.ensembl.org) (Hubbard et al. 2009). This non-annotated gene 

possessed by zebrafish (ENSDARG00000053364) and stickleback 

(Gasterosteus aculeatus; ENSGACG00000007835) was placed basal to the 

vertebrate Pax6 group of genes. More recent Ensembl releases (e.g. version 

66) suggest that this novel gene is also possessed by Xenopus tropicalis 

(ENSXETG00000032534), the green anole lizard (Anolis carolinensis; 

ENSACAG00000013797), Atlantic cod (Gadus morhua; 

ENSGMOG00000007260) and Nile tilapia (Oreochromis niloticus; 

ENSONIG00000020082). We designated this novel group of genes Pax10. In 

addition to these Pax10 genes in the Ensembl database, our survey of public 

sequence resources resulted in the identification of Pax10 genes in the painted 

turtle (Chrysemys picta bellii), the Burmese python (Python molurus), the 

American alligator (Alligator mississippiensis), the saltwater crocodile 

(Crocodylus porosus) and the coelacanth (Latimeria chalumnae). In addition, 

we newly identified an ortholog of the Pax4 gene, previously identified only in 
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teleosts and mammals, in A. mississippiensis and L. chalumnae (see S-Table 8 

and S-Table 9 for details). A Pax4 gene of the Chinese softshell turtle 

Pelodiscus sinensis (ENSPSIG00000006191) is available in the Ensembl 

genome database since the release of version 68. The inferred pattern of 

phylogenetic distribution revealed that Pax4 presumably got lost in birds, 

lepidosaurs, amphibians and chondrichthyans, and Pax10 is most likely absent 

from mammals, birds and chondrichthyans (Figure 13).  

 

 

Figure 13. Phylogenetic distribution of Pax4, -6 and -10 genes across jawed 
vertebrates. 
The presence of Pax4, -6 and -10 was investigated performing exhaustive Blast 
searches in public databases and whole-genome sequence resources (see S-
Table 10 for details). Inferred putative secondary gene losses were mapped 
onto the generally accepted jawed vertebrate phylogeny and are indicated with 
black crosses. Question marks indicate uncertainties about the absence of 
genes because of insufficient available sequence information of the respective 
taxa. The phylogenetic position of turtles is based on (Zardoya, Meyer 1998b; 
Rest et al. 2003; Iwabe et al. 2005; Chiari et al. 2012; Crawford et al. 2012b). 
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Domain structure of the deduced Pax10 protein sequences 

The deduced amino acid sequences of the Pax10 genes identified in silico 

suggest that mature Pax10 proteins consist of a complete homeodomain, but 

lack the characteristic paired domain common to all other Pax proteins (Figure 

12). Also tblastn searches in genomic contigs containing Pax10 using paired 

domain peptide sequences as queries did not identify any Pax10-associated 

paired domain. We amplified full-length cDNAs of D. rerio pax10, X. laevis 

Pax10a and -10b and A. carolinensis Pax10 by means of RT-PCR. In silico 

translation of these four Pax10 cDNA sequences confirmed the lack of a paired 

domain. 

 

 

Figure 14. Phylogenetic relationships within the Pax4/6/10 class of genes. 
This phylogenetic tree shows phylogenetic relationships of vertebrate genes 
belonging to the Pax4/6/10 class with human Pax3 and -7 as outgroup. Exact 
gene names are indicated for additional lineage-specific duplicates. The three 
gnathostome subtypes are highlighted with coloured boxes. Support values are 
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shown for each node in order, bootstrap probabilities in the ML and in the NJ 
tree inference, and Bayesian posterior probabilities. The inference is based on 
312 nucleotide sites and the GTR+I+ũ4 model (shape parameter of the gamma 
distribution Ŭ = 0.71) was assumed. 

 

Phylogenetic relationships between Pax4, -6 and -10  

Our phylogenetic analysis including a dataset of selected vertebrate Pax genes 

suggested a high affinity of Pax10 to Pax4 and Pax6 (Figure 14). Moreover, this 

analysis inferred the monophyly of the individual subtypes of gnathostome Pax4 

(58/-/1.00) and Pax6 (74/-/0.67; support values are given in order, bootstrap 

probabilities in the maximum-likelihood (ML), neighbor-joining (NJ) analysis and 

Bayesian posterior probabilities). Pax10 genes did not form a monophyletic 

group in any of the three tree inference methods. Our phylogenetic analyses did 

not robustly infer the positions of the two previously identified cyclostome Pax 

genes, namely Pax6 of the inshore hagfish Eptatretus burgeri and Pax6 of the 

Japanese lamprey Lethenteron japonicum (also referred to as Arctic lamprey 

Lethenteron camtschaticum). It should be noted that a Pax6 gene (AAM18642.1 

in NCBI) of a different lamprey species (Lampetra fluviatilis) was excluded from 

the analyses because of its incomplete sequence. In the ML analysis, the E. 

burgeri Pax6 gene clustered with gnathostome Pax6 genes (bootstrap value, 

57). The same analysis placed the L. japonicum Pax6 gene basal to both 

vertebrate Pax6 and -10 subtypes with low statistical support (bootstrap value, 

32). In the Bayesian tree inference, the hagfish Pax6 gene was placed as sister 

gene to the gnathostome Pax4 subtype, and lamprey Pax6 was inferred to be 

basal to the entire gnathostome Pax4/6/10 class of genes (Bayesian posterior 

probabilities, 94 and 77, respectively). 

 

Are Pax4, -6 and -10 derived from the 2R-WGD? 

The positions of cyclostome genes in a gene tree are crucial for inferring the 

correct sequence of duplication and speciation in early vertebrate evolution. 

Because of the unreliable positions of cyclostome Pax6 genes in the Pax gene 

tree, we addressed the question about the timing of diversification of the 

Pax4/6/10 gene class with a comparative genomic analysis. Intra-genomic 
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synteny analysis in the green anole lizard showed a dense pattern of gene-by-

gene paralogies between regions on chromosome 1 and 6 containing Pax6 and 

-10, respectively, and regions on chromosome 4 and 5 (Figure 15). 

Interestingly, inter-genomic comparison revealed orthology between the 

identified region on chromosome 4 in the green anole genome and the region 

on human chromosome 7 that harbors the Pax4 gene (data not shown).  

  

 

Figure 15.  Intra-genomic conserved synteny between Pax6 and -10 containing 
regions in the green anole lizard. 
Outer grey bars represent chromosomes 1 and 6 of the green anole that harbor 
Pax6 and -10 (shown in red), respectively, and their paralogous chromosomes 
4 and 5. Regions spanning 10 Mb up- and downstream (where possible) of the 
Pax6 and -10 genes were initially analysed and are shown as magnifications in 
the center. Gene-by-gene paralogies between the four units of the quartet are 
highlighted with diagonal lines: grey lines for one pair of paralogs, blue lines for 
three paralogs and green line for the full set of four paralogs. 
Abbreviation: Mb, mega base pairs. 



 CHAPTER III 

 

73 

The gene families containing the identified paralogs that match the 

expected pattern resulting from the 2R-WGD show a dense pattern of gene-by-

gene paralogy between the identified regions on chromosome 1, 4, 5 and 6. In 

addition, five of the identified gene families were previously shown to have 

diversified early in vertebrate evolution (Manousaki et al. 2011). This is 

evidence that the quartet of the identified regions on chromosome 1, 4, 5 and 6 

in the green anole genome originated from one single genomic region 

containing a proto-Pax4/6/10 gene in the vertebrate ancestor through the 2R-

WGD. 

 

 

Figure 16. Conserved synteny between the Pax10-containing region in the 
green anole and its orthologous regions in human and opossum. 
Upper part represents opossum, green anole and human chromosomes 4, 6 
and 19, respectively, and blue bars highlight regions shown below in 
magnification. A 1 Mb region flanking the green anole Pax10 gene, shown in 
red, was analysed and gene-by-gene orthologies to opossum and human 
chromosomal regions are indicated with grey lines. Conserved synteny between 
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the green anole Pax10-containing region and its orthologous regions in the 
opossum and human genomes suggests a single-gene deletion of Pax10 in the 
lineage leading to eutherians, before the split of marsupials. For exact genomic 
locations and accession IDs of the identified orthologs, refer to S-Table 13. 
Abbreviations: chr., chromosome; Mb, mega base pairs. 

 

Mode of secondary loss of Pax10 in mammals 

Our search of Pax10 genes in public databases and subsequent phylogenetic 

analyses suggested the absence of this gene in mammals (see Figure 13 and 

Figure 14). We employed inter-genomic synteny analysis in order to determine 

whether the absence was caused by a large-scale deletion of a chromosomal 

segment or a small-scale gene loss. Comparison between the 1Mb green anole 

genomic region flanking the Pax10 gene and the human and opossum 

genomes revealed a conserved synteny (Figure 16). Of the 19 protein-coding 

genes contained in this region in the green anole, 15 and 14 genes, 

respectively, have orthologs in specific regions on chromosome 19 in human 

and chromosome 4 in opossum. Exact positions of orthologs are given in S-

Table 13. Notably, the immediate neighbor gene of Pax10, 

ENSACAG00000013620 in Ensembl, is also absent from mammals. Thus, the 

absence of the Pax10 gene from mammalian genomes was presumably caused 

by a small-scale deletion involving two genes early in mammalian evolution 

before the divergence between the marsupial and eutherian lineages. 

 

Expression patterns of Pax10 in zebrafish, Xenopus and the green anole 

In situ hybridizations on developing zebrafish, Xenopus and green anoles, both 

on sections and whole-mount embryos, did not detect any expression signal of 

the Pax10 gene. Because we confirmed the previously documented expression 

signal of the Pax6 probes in these three animals, we conclude that our in situ 

hybridization was properly performed, and that the Pax10 gene presumably has 

no developmental role in zebrafish, Xenopus and the green anole. 
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Figure 17. Expression profiles of Pax4, -6 and -10 in zebrafish, Xenopus and 
green anole. 
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(A) Expression profile of pax10 in a developmental series of zebrafish. Heat 
map indicates rising expression levels of pax10 in late developmental stages 
reaching a plateau at 5 dpf. (B) Heat map visualizing expression profiles of 
Pax6 and -10 in individual organs of adult zebrafish, Xenopus and green anole. 
In adult zebrafish, pax6a, -6b and -10 transcripts were detected in brain, testis 
and eye. High levels of Pax6 expression were detected in X. laevis brain and 
eye, and low levels in pancreas and intestine, while Pax10 expression signals 
were found in eye and testis. Green anole Pax6 transcripts were detected in 
eye, brain, and testis and at low concentrations in pancreas, and Pax10 
expression was detected in eye and brain. It should be noted that the zebrafish 
pancreas was not analysed (óNAô). Colour scale at the bottom indicates the 
relative expression levels normalized to values between 0 and 1for no 
expression and for the highest observed expression level, respectively. (C-R) In 
situ hybridizations of Pax4, -6 and -10 in retinas of adult zebrafish, Xenopus 
and the green anole. C-J show expression patterns in retinas of an albino 
zebrafish, K-N of a green anole, and O-R of a X. laevis. D, F, H, J, L, N, P and 
R are magnifications of the squares indicated in A, C, E, G, I, K, M and O, 
respectively. All investigated genes were strongly expressed in the inner 
nuclear layer (i) and weakly in the ganglion cell layer (g). Zebrafish pax6a, 6b 
and 10 also showed weak expression in the horizontal cell layer (h in D, F and 
H) and zebrafish pax4 transcripts were detected in the outer nuclear layer (o in 
J). It was evident from the expression signals in A. carolinensis that the Pax6 
expression is nested within the Pax10 expression domain in the inner nuclear 
layer of the retina (arrows in L and N). Scale bar: 200 µm. 

 

We conducted a quantitative RT-PCR using a developmental series of 

zebrafish to identify the temporal expression profile of pax10. This experiment 

suggested the onset of pax10 expression at 25 h post fertilization (hpf) reaching 

a maximal expression level at 5 dpf (Figure 17A). This result prompted us to 

examine whether Pax10 is expressed in adult zebrafish, Xenopus and green 

anoles, and therefore, we compared Pax10 transcript levels between individual 

organs of these three animals. Transcript levels of the Pax6 gene yielded the 

expected results, namely strong expression levels in eyes and evidence of 

transcripts in brain, pancreas and testis (Figure 17B). These patterns were 

consistently observed in zebrafish, Xenopus and the green anole. No 

conclusion can be drawn for any expression in the zebrafish pancreas, because 

this tissue could not be reliably identified. The semi-quantitative RT-PCR for 

Pax10 transcripts revealed strong expression of this gene in eyes of all three 

examined animals and also traces of transcripts in testis of Xenopus and brain 

tissue of zebrafish and the green anole. 
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To complement this screen for expression domains with a higher 

resolution on the cellular level, we performed in situ hybridizations on sectioned 

eyes of adult zebrafish, Xenopus and green anoles. We performed expression 

analyses of pax4, -6a, -6b and -10 genes in zebrafish, Pax6 and -10 in the 

green anole and Pax6a and -10b in X. laevis. We found distinct expression 

signal of all investigated genes in specific layers of the retina (Figure 17C-R), 

which presumably indicates a role of Pax4, -6 and -10 genes in photoreceptors 

or associated neurons.  

 

Discussion 

 

Origin of Pax10 

We identified a novel member of the Pax gene family, despite the large amount 

of research conducted on this gene family, in particular on the Pax6 gene, and 

the vast amount of sequence resources available to date. The reason for the 

cryptic existence of the tenth vertebrate Pax gene might lie in its absence from 

mammalian genomes. For all four vertebrate classes, namely Pax1/9, Pax3/7, 

Pax2/5/8 and Pax4/6, it has been shown that they diversified in the 2R-WGD 

(Wada et al. 1998; Holland et al. 1999; Ogasawara et al. 1999; Manousaki et al. 

2011). We sought to reconstruct the evolutionary history of the Pax4/6/10 gene 

class and, in particular, the origin of the Pax10 subtype by applying molecular 

phylogenetic analyses. However, the lack of the paired domain in the deduced 

amino acid sequence of the identified Pax10 genes (Figure 12) prevents an 

extensive alignment that is essential for a robust phylogenetic tree inference. In 

addition, the highly conserved homeodomain provides only weak phylogenetic 

signal. These factors resulted in a poorly resolved molecular phylogeny of the 

Pax4/6/10 gene class in which the monophyly of each individual subtype was 

not unambiguously inferred (Figure 14). Particularly problematic in this regard 

are the phylogenetic positions of cyclostome Pax genes that are crucial for 

inferring the timing of the duplications giving rise to gnathostome Pax4, -6 and -

10 subtypes (Kuraku, Meyer, Kuratani 2009). The positions of lamprey and 
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hagfish Pax6 genes in the gene tree varied depending on the phylogenetic 

method applied. For this reason, we could not retrieve sufficient support for 

orthology between cyclostome Pax6 genes and any gnathostome subtype. It 

was shown by a previous study that assigning orthologies between cyclostome 

and gnathostome genes is challenging (Qiu et al. 2011). These unresolved 

phylogenetic relationships precluded us from resolving the timing of duplications 

giving rise to Pax4, -6 and -10 genes relative to the cyclostome-gnathostome 

split.  

We addressed the question about the mode of duplications diversifying 

the Pax4/6/10 class of genes by expanding the scope of the analysis to the 

entire genomic regions containing Pax6 and -10 genes in the green anole 

genome. Genome-wide synteny analyses have been widely used as reliable 

tool to identify traces of whole genome duplications (Dehal, Boore 2005; 

Nakatani et al. 2007; Putnam et al. 2008). Our analysis demonstrated 

conserved synteny between Pax6, -10 and formerly Pax4-containing regions 

and one additional chromosomal region (Figure 15). Duplications giving rise to 

this chromosome quartet inferred by the patterns of diversification of 

neighboring gene families occurred after the split of tunicates and 

cephalochordates, but before the divergence of cyclostomes and 

gnathostomes. This timing coincides with the 2R-WGD early in vertebrate 

evolution (Kuraku, Meyer, Kuratani 2009).  

 

Phylogenetic distribution of Pax4, -6 and -10 genes 

During the course of vertebrate evolution, Pax4, -6 and -10 genes experienced 

differential rates of retention between vertebrate lineages. While the Pax6 gene 

is present in all vertebrates investigated to date, Pax4 and -10 frequently 

experienced independent secondary gene losses (Figure 13). This asymmetric 

rate of gene retention is also sustained after a third round of WGD in teleosts 

(TSGD) (Amores et al. 1998; Wittbrodt, Meyer, Schartl 1998; Meyer, Van de 

Peer 2005b). Although teleosts generally possess two pax6 genes (pax6a and -

6b) attributed to the TSGD, we identified only a single pax10 genes in teleosts 

(Figure 14) indicating putative secondary gene loss of the TSGD-duplicate 
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before the radiation of this lineage. Only one teleost, Tetraodon nigroviridis, 

retained two copies of pax4 genes derived from the TSGD suggesting a low 

retention rate of pax4 duplicates in teleosts. The tetraploid Xenopus laevis is 

the only species possessing two copies of both Pax6 and -10 genes (see Figure 

14). 

Though the general trend of these unequal rates of gene retention is 

clear, the exact number of secondary gene losses of Pax4 and -10 remains 

difficult to determine. The certainty with which one can infer a secondary gene 

loss in a given lineage depends on the quality and quantity of available 

sequence resources. In Ensembl release 69, the mammalian lineage is 

represented with 40 genomes, including those sequenced with low coverage, 

while only one amphibian and five sauropsid genomes are available in this 

resource. The scope of the Ensembl database reflects the unequal coverage of 

sequence data per lineage in public databases. For this reason, the presumed 

loss of Pax4 and -10 in several vertebrate lineages with fairly sparse sequence 

resources should be interpreted with caution (Figure 13). However, the fact that 

we identified a Pax6 gene in every single genome we investigated suggests 

that the absences of Pax4 and -10 genes are not caused by insufficient 

sequence information, but rather secondary gene losses. In contrast, we report 

the absence of Pax10 in the mammalian lineage with high confidence. In order 

to trace back the mode of secondary gene loss that led to the absence of Pax10 

in mammals, we investigated synteny between the anole Pax10-containing 

genomic region and orthologous regions in mammalian genomes. As target of 

this analysis, we selected the human genome because of its high coverage, 

and the genome of opossum as representative of marsupials that diverged early 

in mammalian evolution. This comparative genomic approach suggested that 

the presumed absence of Pax10 in mammals is best explained by a single-

gene loss event before the divergence of marsupial and eutherian lineages.  

 

Functional diversification of Pax4, -6 and -10 genes 

An explanation for the differential rates of gene retention between Pax6 and 

Pax4/10 might be a rapid subfunctionalization soon after the 2R-WGD in which 
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only Pax6 retained the essential role as master control gene for eye 

development. This crucial role imposes a high selection pressure on the Pax6 

gene making it indispensable for vertebrates. To investigate this hypothesis, we 

examined the expression profile of Pax10. Drawing a comparison of Pax10 

expression patterns between a teleost fish (zebrafish), an amphibian (X. laevis) 

and a reptile (the green anole lizard) allowed us to infer the ancestral 

expression profile of the osteichthyan Pax10 gene. We did not identify 

embryonic Pax10 expression in any of the three examined species, but 

quantification of Pax10 transcripts of a developmental series of zebrafish 

suggested the onset of pax10 expression during late developmental stages 

(Figure 17A). Given the key developmental roles that all other Pax genes play 

across metazoans (Chi, Epstein 2002), the fact that Pax10 seems to play no 

role during development is striking. 

Our semi-quantitative RT-PCR of adult zebrafish, Xenopus and green 

anoles (Figure 17B) confirmed the expression of Pax6 in eye, pancreas and 

brain described in the literature (Nornes et al. 1998; Moreno, Retaux, Gonzalez 

2008). Exceptions are the identified expression signals of Pax6 and Pax10 in 

testes. This expression domain has never been described for any Pax4 or -6 

gene. The óout of testisô hypothesis suggests a permissive state of chromatin in 

testes owing to the peculiar properties of transcription in meiotic and 

postmeiotic cells (Kaessmann 2010). In light of this hypothesis, these identified 

transcripts might merely present the result of leaky transcription. RT-PCR 

experiments revealed expressions of Pax10 genes in eyes of all three 

investigated species and also in brain tissue of zebrafish and the green anole, 

but not X. laevis (Figure 17B). Further experiments demonstrated that the 

expression signals of Pax4, -6 and -10 in adult eyes are detected in specific 

layers in the retina (Figure 17C-R). Expressions of Pax4 in photoreceptors and 

Pax6 in other neuronal layers of the retina in adult rats have been previously 

described (Rath et al. 2009a). A parsimonious reconstruction of the Pax10 

expression profile indicates non-developmental roles in the mature retina and 

brain of the osteichthyan ancestor. 
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The redundancy resulting from the quadruplication of a proto-Pax4/610 

gene in the 2R-WGD presumably led to a functional partitioning between the 

four young duplicates early in vertebrate evolution. In order to understand these 

secondary changes in associated (developmental) pathways, the ancestral 

expression profile of the proto-Pax4/6/10 gene needs to be reconstructed and 

compared to those of individual Pax4, -6 and -10 genes in extant vertebrates. 

This reconstruction of the ancestral state is accomplished by comparing 

expression patterns of early chordate orthologs, such as AmphiPax-6 of 

Branchiostoma floridae (Glardon et al. 1998), PPax-6 of Phallusia mammillata 

(Glardon et al. 1997) or CiPax6 of Ciona intestinalis (Mazet et al. 2003), to 

distantly related orthologs, such as the Drosophila eyeless and twin of eyeless 

genes (Quiring et al. 1994; Czerny et al. 1999). Gaining insights into the 

evolution of non-developmental roles of the ancestral Pax4/6/10 gene remains 

difficult because of sparse information of expression patterns in adults. 

However, expression of an eyeless isoform in adult Drosophila eyes, more 

precisely in photoreceptors, has been reported (Sheng et al. 1997). The 

resulting ancestral expression profile suggests a role of the proto-Pax4/6/10 

gene in the developing visual and olfactory systems, the central nervous system 

(CNS) and mature photoreceptors (Figure 18).  

Pancreatic expression of Pax4 and -6 was reported in mammals (Turque 

et al. 1994; Sosa-Pineda et al. 1997) and teleost fish (Thisse, Thisse 2004b; 

Manousaki et al. 2011), while the single proto-ortholog of amphioxus lacks 

expression in the possible pancreas homolog (Reinecke 1981; Glardon et al. 

1998; Sun, Zhang, Ji 2010). The most parsimonious explanation is that the 

proto-Pax4/6/10 gene in the vertebrate ancestor before the 2R-WGD, but after 

the split of cephalochordates and tunicates, gained the pancreatic expression 

domain. Thus, expression of Pax4 and -6 in pancreas presumably represents a 

synapomorphy of vertebrates. The vertebrate Pax10 gene presumably did not 

retain the pancreatic expression domain (Figure 18). 
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Figure 18. Evolutionary scenario focusing on the functional diversification of the 
Pax4/6/10 class of genes. 
Expression domains previously described and identified in this study are 
mapped onto a simplified gene tree of the Pax4/6/10 class. The most 
parsimonious explanation for the evolution of these expression profiles is that 
the last common ancestor of protostomes and deuterostomes, the so-called 
ᾳUrbilateriaᾳ, possessed a proto-Pax4/6/10 gene expressed in photoreceptors, 
olfactory placode, developing eye and CNS. Secondary modification, such as 
the gain of a pancreatic expression before the 2R-WGD, or the loss of several 
Pax4 and -10 expression domains led to the functional repertoire of the diverse 
Pax4, -6 and -10 subtypes in extant vertebrates.  

 

While the proto-Pax4/6/10 gene in the ancestral vertebrate had a dual 

role in the visual system, namely an early one in eye morphogenesis and a late 

one in mature photoreceptors, these roles were subdivided during vertebrate 

evolution. The vertebrate Pax6 gene retained the crucial role in eye 

morphogenesis, while Pax4 and -10 as well as Pax6 are co-expressed in the 

mature vertebrate retina, suggesting a shared role in maintaining a functional 

eye (Figure 18). This functional similarity between vertebrate Pax6 and 

invertebrate orthologs prompted the prevalent idea that they are one-to-one 
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orthologs. This idea resulted in designating some of their invertebrate orthologs 

Pax6, although they are orthologous to Pax4, -10, as well as to Pax6.  

Another interesting feature of the newly identified Pax10 gene is the 

presumed lack of a paired domain in the deduced protein sequence (Figure 12). 

While no other Pax gene has ever been shown to completely lack the 

eponymous paired box, there are reports of paired-less Pax6 isoforms in quail 

(Carriere et al. 1993), mouse (Kammandel et al. 1999), zebrafish (Lakowski, 

Majumder, Lauderdale 2007) and the ortholog in Caenorhabditis elegans, vab-3 

(Zhang, Emmons 1995). It was shown in mice that paired-less Pax6 is one of 

three Pax6 isoforms whose transcriptions are initiated from three alternative 

promoters (Kammandel et al. 1999). The paired-less Pax6 isoforms is 

expressed in a tissue-specific manner (Mishra et al. 2002). Studies in mouse 

eye development revealed a complex interaction between the three isoforms 

(Azuma et al. 2005; Kim, Lauderdale 2008). Despite the existence of a paired-

less Pax6 isoforms, the paired domain was revealed to be an essential 

transactivator for homeodomain function (Mishra et al. 2002). A direct activation 

of downstream target genes upon binding of paired-less Pax6 isoform to 

regulatory regions is therefore unlikely. The exact mechanism by which the 

effect is exerted remains elusive, but a dominant negative regulation of paired 

domain containing Pax6 is conceivable. The structural similarity between 

paired-less Pax6 isoforms and the Pax10 gene is intriguing. It will be interesting 

to disentangle the functional interplay on the cellular level between the paired-

less Pax10 gene and isoforms of Pax6 and possibly also Pax4. Teleosts, in 

particular zebrafish, would be an ideal test case as they are amenable to 

genetic experiments, possess pax4, -6 and -10 and have been subjected to 

numerous functional studies of pax6a and -b (Kleinjan et al. 2006; Kleinjan et al. 

2008), (Kim, Lauderdale 2006; Lakowski, Majumder, Lauderdale 2007; Kim, 

Lauderdale 2008; Coutinho et al. 2011). ChIP-Seq (chromatin 

immunoprecipitation combined with sequencing) experiments could potentially 

reveal differences and overlaps in the target DNA of these transcription factors. 

Knockout (or ïdown) of pax10 could tackle to what extent its sister genes might 

compensate for its loss of function and thereby reveal potential redundancy. 
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This experiment might allude to possible consequences a secondary gene loss 

of Pax4 or -10 or even both genes as in the case of birds might have had on 

associated regulatory pathways.  

 

Perspective 

A recurrent pattern when studying vertebrate genome evolution is that the 

original gene quartet derived from the 2R-WGD is only fragmentally retained in 

extant vertebrates. A large portion of these genes presumably was lost 

immediately after the quadruplication because of their initial redundancy. Others 

might have been lost differentially during vertebrate radiation and are therefore 

restricted to specific vertebrate lineages. One example for these cryptic pan-

vertebrate genes is a sister gene of Pdx1, namely Pdx2, that was only retained 

in chondrichthyans and coelacanths (Mulley, Holland 2010). Similarly, the 

Bmp16 gene is a duplicate of Bmp2 and -4 and has been identified only in 

teleost fishes (Feiner et al. 2009). The absence of Pdx2, Bmp16 as well as 

Pax10 orthologs from mammals presumably prevented their identification until 

recently. The exact patterns of gene retentions are often obscured by 

incomplete sequence information. In particular long-standing genes present in 

the ancestral vertebrate genome but secondarily lost in lineages leading to 

model organisms are prone to be overlooked. Fast-growing sequence 

resources will shed light on these cryptic pan-vertebrate genes and increase our 

knowledge of gene repertoire evolution. Upcoming sequence data of species 

occupying key phylogenetic positions, such as cyclostomes, chondrichthyans 

and basal actinopterygians or sarcopterygians, will further provide a valuable 

resource for the identification of cryptic pan-vertebrate genes. Our finding of a 

novel gene in a seemingly well-studied gene family foreshadows the immense 

potential for discoveries offered by the deluge of sequence data. 
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Material and methods  

 

In silico identification of novel Pax genes 

Using the green anole Pax10 and human Pax4 nucleotide sequences as query, 

we performed Blastn searches in the NCBI dbEST as well as in the nr/nt 

database and in nucleotide genomic sequences of species included in the 

Ensembl genome browser. Similarly, local Blastn searches were performed in 

downloaded genome-wide or transcriptomic sequence resources of two 

cyclostomes (inshore hagfish and sea lamprey), three chondrichthyans 

(elephant shark, little skate and cloudy catshark), a basal actinopterygian 

(spotted gar), the African coelacanth, reptiles (American alligator, Burmese 

python, Chinese softshell turtle, painted turtle and saltwater crocodile) and birds 

(budgerigar, collared flycatcher, mallard, medium ground finch, turkey and 

zebra finch; see S-Table 10 for details). Candidate sequences with a significant 

hit in these Blastn searches were further analysed, and the longest open 

reading frames were either manually curated or by using the gene prediction 

program AUGUSTUS (Stanke et al. 2004). All sequences identified in this in 

silico screen, except for saltwater crocodile Pax10 (S-Table 11), are deposited 

in EMBL under accession numbers HF567444-HF567455.  

 

Collection and staging of zebrafish, Xenopus and green anole animals 

Wild type embryos and albino adults of the zebrafish Danio rerio were obtained 

from captive breeding colonies. Xenopus laevis embryos (staging according to 

(Nieuwkoop, Faber 1994)) and adults were kindly provided by Thomas Meyer 

and Thomas Tischer (University of Konstanz, Germany). Eggs of the green 

anole lizard Anolis carolinensis were harvested from in-house captive breeding 

colonies and incubated at 28°C and ~70% humidity until they reached required 

stages determined after Sanger et al. (2008). Animals that were subjected to 

sectioning or whole-mount in situ hybridizations were stored in methanol after 

fixation in 4% paraformaldehyde (PFA) or Serraôs fixative, respectively. 
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PCR 

Total RNA of embryos of zebrafish (24 hpf), Xenopus (each 11 individuals of 

stage 22, 30 and 40) and the green anole (stage 8.5) were extracted and 

reverse transcribed into cDNA using SuperScript III (Invitrogen), following the 

instructions of the 3ῂ RACE System (Invitrogen). Oligonucleotide primers were 

designed based on a Pax10 transcript sequences of zebrafish 

(ENSDART00000075395), X. tropicalis (ENSXETT00000065934) and the 

green anole (ENSACAT00000013868) to amplify full-length cDNAs of zebrafish 

pax10, X. laevis Pax10a and -10b and the green anole Pax10 genes. 3ῂ ends of 

these four fragments were isolated by applying the 3ῂ RACE System 

(Invitrogen). 5ῂ ends of the green anole Pax10 cDNA were obtained using the 

GeneRacer Kit (Invitrogen) and 5ῂ ends of zebrafish pax10 and X. laevis 

Pax10a and -10b by using the 5ῂ RACE System (Invitrogen). Full-length Pax10 

cDNA sequences of zebrafish, X. laevis and green anole were assembled from 

two fragments and are deposited in EMBL under accession numbers 

HF567440-HF567443.  

In order to detect Pax6 expression in eyes of adult zebrafish, Xenopus 

and the green anole, cDNA fragments covering the respective 3ῂ ends were 

isolated using the 3ῂ RACE System (Invitrogen). Primers were designed based 

on Pax6 transcript sequences of zebrafish (Ensembl IDs 

ENSDART00000148420 for pax6a and ENSDART00000145946 for pax6b), X. 

laevis (NCBI: NM_001085944 for Pax6a and NCBI: NM_001172195 for Pax6b) 

and the green anole (Ensembl ID, ENSACAT00000002377). Zebrafish pax4 

probe synthesis employed the fragment previously reported (Manousaki et al. 

2011). 

In order to analyse differential expression of Pax6 and -10 genes 

between various organs of adult zebrafish, Xenopus and the green anole, and 

between embryonic stages of developing zebrafish, animals were dissected as 

shown in Figure S1. Total RNA was extracted using TRIzol (Invitrogen) and 

treated with DNase I. The integrity of the extracted RNA was monitored using 

the Bioanalyzer 2100 (Agilent). Gene specific primers to amplify approximately 

200 bp-long cDNA fragments of Pax6, -10 and GAPDH were designed (S-Table 
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12). It should be noted that primers for the amplification of X. laevis Pax6 and -

10 were specifically designed to capture both óaô and óbô paralogs. The 

specificity of each primer pair was determined in a preliminary pilot PCR, and 

the amplification of comparable amounts of GAPDH cDNA fragments was used 

as proxy for similar quantity of cDNAs between samples. Semi-quantitative RT-

PCR runs were conducted using the DreamTaqÊ DNA Polymerase 

(Fermentas). A pre-denaturing step at 95°C for 3 min was followed by 35 to 50 

cycles of three steps (95°C for 30 sec, 58°C for 1 min and 72°C for 1 min). The 

amount of PCR product was visualized using standard agarose gel 

electrophoresis. The intensity of individual bands was quantified using 

GelQuant.NET software provided by biochemlabsolutions.com. Expression 

levels of Pax6 and -10 genes were normalized to relative expression levels of 

GAPDH. The resulting values were further normalized to tissues with the 

highest expression level for the respective gene that was defined as 1. These 

values were visualized in heat maps (Figure 17A and B) that were generated 

using CIMMiner (http://discover.nci.nih.gov/cimminer). 

 

In situ hybridization 

The aforementioned 3ῂ and 5ῂ cDNA fragments of zebrafish, Xenopus and 

green anole Pax10, 3ῂ fragments of zebrafish, Xenopus and green anole Pax6, 

and 3ῂ fragment of zebrafish pax4 were used as templates for riboprobe 

synthesis. Whole-mount in situ hybridizations for two Pax10 probes and a Pax6 

probe as positive control were performed using embryonic zebrafish 

(Begemann et al. 2001), Xenopus (Gawantka et al. 1995) and green anole 

(Nicolas Di-Poï, personal communication). 

Paraffin-embedded section in situ hybridizations using adult eyes of 

zebrafish, Xenopus and green anole were performed using the aforementioned 

riboprobes as previously described (Kuraku, Usuda, Kuratani 2005). 

 

Molecular phylogenetic analysis 

An optimal multiple alignment of all retrieved cDNA sequences was constructed 

using MEGA5 (Tamura et al. 2011b), in which the MUSCLE program (Edgar 
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2004b; Edgar 2004a) is implemented. Molecular phylogenetic trees were 

inferred using regions of selected vertebrate Pax nucleotide protein-coding 

sequences that were unambiguously aligned with no gaps (S-Table 8). Several 

sequence fragments of previously unidentified Pax4/6/10 genes (S-Table 9) 

were excluded from the phylogenetic analysis depicted in Figure 14, but their 

affiliation to individual Pax subtypes was verified in separate phylogenetic 

analyses (data not shown). Human Pax3 and -7 genes served as outgroup 

because of the lack and truncation of the homeodomains of Pax1/9 and 

Pax2/5/8 class of genes, respectively. MEGA5 was used to determine the 

optimal nucleotide substitution model and to reconstruct maximum likelihood 

(ML) and neighbor-joining (NJ) trees. Bayesian tree inference was conducted 

using MrBayes 3.1 (Huelsenbeck, Ronquist 2001).  

 

Identification of conserved synteny 

The search for conserved intra-genomic synteny (Kuraku, Meyer 2012a) in the 

green anole focused on up to 10 Mb genomic regions flanking the Pax6 and -10 

genes. Using the Ensembl óGene Treeô, the duplication patterns of neighboring 

gene families were investigated. We identified two additional chromosomal 

regions that harbor a similar gene array. A second search for paralogous 

relationships between these two identified chromosomal regions was 

conducted. The identified pairs, triplets and quartets of paralogs located on the 

four chromosomes were plotted (Figure 15). 

In order to analyse the mode of the putative loss of Pax10 in the 

mammalian lineage, we downloaded a list of Ensembl IDs of genes harbored in 

the 500 kb genomic flanking the green anole Pax10 gene, together with IDs of 

human and opossum orthologs of those genes via the BioMart interface. 

Human and opossum orthologs located on chromosome 19 and 4, respectively, 

were plotted against the corresponding anole region on chromosome 6 (Figure 

16; S-Table 13).  
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Abstract 

The ectodermal neural cortex (ENC) gene family, whose members are 

implicated in neurogenesis, is part of the kelch repeat superfamily. To date, 

ENC genes have been identified only in osteichthyans, although other kelch 

repeat-containing genes are prevalent throughout bilaterians. The lack of 

elaborate molecular phylogenetic analysis with exhaustive taxon sampling has 

obscured the possible link of the establishment of this gene family with 

vertebrate novelties. In this study, we identified ENC homologs in diverse 

vertebrates by means of database mining and PCR screens. Our analysis 

revealed that the ENC3 ortholog was lost in the basal eutherian lineage through 

single-gene deletion, and that the triplication between ENC1, -2 and -3 occurred 

early in vertebrate evolution. Including our original data on a catshark, our 

comparison revealed high conservation of the pleiotropic expression pattern of 

ENC1 and shuffling of expression domains between ENC1 and -3. Compared 

with many other gene families including developmental key regulators, the ENC 

gene family is unique in that conventional molecular phylogenetic inference 

could identify no obvious invertebrate ortholog. This suggests a composite 

nature of the vertebrate-specific gene repertoire, consisting not only of de novo 

genes introduced at the vertebrate origin but also of long-standing genes with 

no apparent invertebrate orthologs. Some of the latter, including the ENC gene 

family, may be too rapidly evolving to provide sufficient phylogenetic signals 

marking orthology to their invertebrate counterparts. Such gene families that 

experienced saltatory evolution likely remain unexplored, and might also have 

contributed to phenotypic evolution of vertebrates 

 

Introduction 

 

The first vertebrates emerged more than 500 million years ago (Shu et al. 

1999b; Hedges 2009), and this was paralleled by embryonic novelties, such as 

the neural crest contributing to craniofacial morphogenesis. The genetic basis 

underlying these morphological novelties is not fully understood, but increasing 

sequence data is providing clues to these questions. In particular, recent 
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genome-wide analyses provided convincing evidence of two rounds (2R) of 

whole genome duplication (WGD) early in vertebrate evolution (Lundin 1993; 

Holland et al. 1994; Sidow 1996; Dehal, Boore 2005; Putnam et al. 2008). As a 

result, the common pattern obtained in phylogenetic analyses of typical gene 

families is a ófour-to-oneô relationship in which maximally four vertebrate 

paralogs are co-orthologs of a single invertebrate proto-ortholog. Among 

vertebrate lineages, the teleost fishes are characterized by their further derived 

genomes because of a third round of WGD (Amores et al. 1998; Wittbrodt, 

Meyer, Schartl 1998; reviewed in Meyer, Van de Peer 2005a). Post-duplication 

processes, such as neo- or subfunctionalization, based on the initially 

redundant set of genes, used this initial abundance of genetic raw material for 

further diversification (Ohno 1970; Force et al. 1999). The redundancy 

introduced by the 2R-WGD might thus have triggered vertebrate novelties, such 

as a well-organized brain compartment (Manning, Scheeff 2010). 

In addition to the surplus of genomic elements resulting from the 2R-

WGD, de novo genes (also often referred to as taxonomically restricted genes 

or new genes; Khalturin et al. 2009) introduced at the vertebrate origin could 

have contributed to the vertebrate-specific gene repertoire. The target of this 

study, ectodermal neural cortex (ENC) genes, has been identified only in 

vertebrates, but they share the conserved BTB/POZ domain and kelch repeats 

with the rest of the BTB/POZ-kelch repeat superfamily members. The fact that 

kelch-related genes are present throughout bilaterians implies that a proto-ENC 

gene dates back to the last common ancestor of protostomes and 

deuterostomes (Prag, Adams 2003). The kelch repeat superfamily to which the 

ENC genes belong is characterized by four to seven tandem repeats of a ~50 

amino acid motif in a peptide (Bork, Doolittle 1994; Adams, Kelso, Cooley 

2000). The amino acid sequence between the motifs is weakly conserved, 

except for a few key residues (Figure 19A). This low level of conservation in 

amino acid sequence impeded a reliable survey of the complete superfamily 

(Adams, Kelso, Cooley 2000). Despite the divergent amino acid sequence, they 

all presumably form antiparallel ɓ-sheets that together assemble a ɓ-propeller 

(Adams, Kelso, Cooley 2000). The structural subgroup of the kelch repeat 
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superfamily to which ENC genes belong is additionally characterized by a N-

terminal BTB/POZ (Broad-Complex, Tramtrack and Bric-a-brac/Poxvirus and 

Zinc-finger) domain of ~120 amino acids (Godt et al. 1993; Bardwell, Treisman 

1994). This domain is responsible for protein-protein interactions, and allows 

this class of proteins to dimerize (Bardwell, Treisman 1994; Albagli et al. 1995). 

Proteins encoded by members of the kelch repeat superfamily are implicated in 

diverse biological processes, and their cellular localizations differ between 

intracellular compartments, cell surface and extracellular milieu. Products of 

several members of this superfamily, including ENC1, have been shown to 

associate with actin cytoskeleton (Xue, Cooley 1993; Hernandez et al. 1997). 

Li et al. (2007) identified ENC1, amongst others, as suitable phylogenetic 

marker because it is qualified by the presence of one single coding exon which 

facilitates PCR amplification with genomic DNA (gDNA). ENC1 as a 

phylogenetic marker has been employed in numerous phylogenetic studies of 

actinopterygian fish [e.g. notothenioid fishes (Matschiner, Hanel, Salzburger 

2011), sticklebacks (Kawahara et al. 2009) and ray-finned fishes (Li, Lu, Orti 

2008)] as well as reptiles [iguanian lizards (Townsend et al. 2011) and other 

squamate (Wiens et al. 2010)]. 

Hernandez et al. (1997) reported for the first time developmental roles of 

an ENC gene, namely those of ENC1 in the nervous system of mouse. ENC1 is 

expressed in a dynamic manner from early gastrulation on throughout neural 

development and persists in the adult nervous system (Hernandez et al. 1997). 

A study on various human cell lines suggested that ENC1 is involved in the 

differentiation of neural crest cells and is down-regulated in neuroblastoma 

tumors (Hernandez et al. 1998). Interestingly, an antisense transcript of the first 

exon, ENC1-AS, is linked to a certain type of leukemia (Hammarsund et al. 

2004).  

Except for mammalian ENC1, only sparse information on the 

developmental roles of the ENC gene family is available. The expression 

patterns of chicken ENC1 in the developing telencephalon were characterized 

in great detail and resemble the dynamic pattern in mouse (Garcia-Calero, 

Puelles 2009). Expression patterns of the full set of ENC genes (ENC1, -2 and -
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3) have been investigated only in one species, the amphibian Xenopus laevis 

(Haigo, Harland, Wallingford 2003). The only expression data of ENC genes 

outside tetrapods is a report of enc3 in developing zebrafish that is based on 

high throughput expression screens (Kudoh et al. 2001; Thisse, Thisse 2004a; 

Thisse, Thisse 2005; available on the ZFIN database; URL: http://zfin.org/; 

Bradford et al. 2011). 

In this study, our exhaustive gene and taxon sampling revealed the 

diversification pattern of the ENC gene family in a higher resolution. Conserved 

synteny between genomic regions containing ENC1, -2 and -3 suggested the 

triplication through 2R-WGDs early in vertebrate evolution. Of those, the ENC3 

ortholog was shown to have been lost in the eutherian lineage. We also 

provided the first report of expression patterns of non-tetrapod ENC1, in a 

catshark. Overall, molecular and regulatory evolution of the ENC genes within 

vertebrates follow typical patterns hitherto observed for many other gene 

families, including developmental regulatory genes, except for one aspect: 

conventional molecular phylogenetic methods could not identify the invertebrate 

orthologs of ENC genes. Because the ENC gene family is one of the numerous 

subfamilies in the kelch repeat superfamily widely possessed by bilaterians, 

non-identification of this long-standing gene in invertebrate indicates unique 

evolutionary trajectory of the ENC gene family. 

 

Results 

 

Identification of ENC genes in diverse non-tetrapod species 

By means of RT-PCR, the full-length cDNA of S. canicula ENC1 and ENC3, 

including 5ῂ and 3ῂ UTRs, and fragments of the inshore hagfish Eptatretus 

burgeri ENC-A were sequenced. PCRs using genomic DNA identified fragments 

of the horn shark Heterodontus francisci ENC1 and ENC3, the lemon shark 

Negaprion brevirostris ENC3 and the Florida gar Lepisosteus platyrhincus 

ENC2. The inclusion of these genes into the ENC gene family was suggested in 

Blastx searches in the NCBI non-redundant protein sequence database (nr). 
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These Blastx searches failed to identify any ENC3 sequences in all available 

eutherians. An alignment of the deduced amino acid sequences with proteins 

downloaded from public databases was constructed. The amino acid sequence 

alignment revealed a high level of conservation especially in the diagnostic 

residues described above [Figure 19A; (Adams, Kelso, Cooley 2000)]. Each unit 

of the kelch repeat is characterized by a di-glycine followed by a tyrosine, six 

non-conserved amino acids, and a tryptophan residue (Figure 19A). This 

pattern is disrupted in the first unit of the kelch repeat of all three cyclostome 

ENC genes with the first glycine residue replaced by an alanine residue. 

However, the similar physiochemical property of alanine and glycine 

theoretically most likely allows this first repeat to be still functional. 

 

Phylogenetic relationships within vertebrate ENC 

Our sequence dataset included selected gnathostome ENC genes and deduced 

amino acid sequences of the three newly isolated cyclostome ENC genes. 

Unexpectedly, a protein of a plant, Ipomoea trifida (EU366607 in GenBank), 

was placed inside the group of teleost ENC1 genes and was found to cluster 

with stickleback ENC1 [bootstrap support in the maximum-likelihood (ML) 

analysis, 79; data not shown]. This placement is in stark contrast to the 

generally accepted species phylogeny, and therefore we conclude that a 

contamination of a teleost sequence is the most likely explanation. Based on 

our molecular phylogenetic analysis, we suggest the new gene names enc3 for 

the formerly called enc1l gene in zebrafish, and Xenc-1 and Xenc-3 for the 

Xenopus genes previously referred to as Xenc-3 and Xenc-1, respectively 

(Figure 19B). 

The heuristically inferred ML tree (Figure 19B) shows a tight clustering 

within the three individual subgroups of gnathostome ENC genes (ENC1, -2 

and -3). The absence of an apparent invertebrate ortholog (see below) prevents 

the correct placement of a root to the tree. Monophyly of gnathostome 

sequences for ENC1 (99/1.00), ENC2 (99/1.00) and ENC3 (100/1.00) is inferred 

(all support values are shown in order, bootstrap probabilities in the ML analysis 

and Bayesian posterior probabilities; Figure 19B). 



 CHAPTER IV 

 

97 

 

Figure 19. Comparison of the amino acid sequence of the kelch repeat of 
selected ENC proteins and phylogenetic relationships within the ENC gene 
family.  
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(A) The six units of the kelch repeat of all three chicken ENC proteins (ENC1, -
2, and -3), the small-spotted catshark ENC1 protein, and all three cyclostome 
ENC proteins (E. burgeri ENC-A, P. marinus ENC-A, and -B) are aligned. Note 
that the P. marinus ENC-A protein is partial. The diagnostic amino acid 
residues, namely a di-glycine followed by a tyrosine, six non-conserved amino 
acids, and a tryptophan residue are highlighted with grey background. This 
pattern is disrupted in the first kelch repeat of all three cyclostome proteins 
where the first glycine (óGô) is replaced by an alanine residue (óAô). Another non-
conserved site is a phenylalanine (óFô) instead of a tyrosine (óYô) in the fourth 
kelch repeat of the chicken ENC3 protein. Because of similar physiochemical 
properties, these substitutions do not necessarily prevent the characteristic 
folding of the mature protein and thus its cellular function. Interestingly, the first 
kelch repeat of all vertebrate ENC proteins lacks the tryptophan residue, and 
thus does not show the described motif. (B) An unrooted phylogenetic tree of 
the three ENC subgroups of jawed vertebrates and three cyclostome homologs 
is shown. Support values are shown for each node in order, bootstrap 
probabilities in the ML tree inference and Bayesian posterior probabilities. 
Analysis is based on 313 amino acids and the JTT+I+F+ũ4 model was assumed 
(shape parameter of gamma distribution Ŭ = 0.75). The phylogenetic tree is 
shown as unrooted because of the lack of an apparent invertebrate ortholog 
that could serve as the potentially closest outgroup. Conceivable positions of 
the root are indicated with letters a-e. Red arrows denote sequences that are 
newly reported in this study. For accession IDs of amino acid sequences used 
in this analysis, see S-Table 17. 

 

 The three cyclostome ENC genes form an independent group (82/0.98; 

see Figure 19B). The high support (88/1.00) for the clustering of the sea 

lamprey Petromyzon marinus ENC-A with inshore hagfish E. burgeri ENC-A 

implies their orthology (Figure 19B). However, this cyclostome gene cluster is 

not closely related, and thus presumably not orthologous, to any gnathostome 

ENC subgroup (ENC1, -2, or -3). This uncertainty of the phylogenetic position of 

cyclostome ENC genes demands alternative approaches such as synteny 

analysis (see below) for pinning down the exact timings of ENC gene 

duplications relative to the cyclostome-gnathostome split.  

 

Is there an invertebrate ortholog of the ENC gene family? 

A comprehensive phylogenetic tree was inferred in order to investigate the 

relationships of the ENC group of genes to the rest of the KLHL superfamily (S-

Figure 8). The vast number of sequences was reduced to a dataset including 
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Figure 20. Phylogenetic tree of vertebrate ENC-related genes of the kelch 
repeat superfamily and its invertebrate homologs.  
This tree is based on an alignment of 334 amino acids, and was inferred with 
the ML method assuming the LG+I+F+ũ4 model (Ŭ = 1.67). Support values at 
nodes are shown in order, bootstrap probabilities in the ML analysis and 
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Bayesian posterior probabilities. Vertebrate species are colour-coded in blue, 
invertebrate chordates in green and non-chordates in purple. Based on a large-
scale phylogenetic analysis encompassing the entire kelch repeat superfamily 
(S-Figure 8), we selected several sequences that are phylogenetically close to 
the ENC gene family. This selected set of genes was combined with a set of 
invertebrate homologs that was analysed for putative orthology to the ENC 
gene family. Note that the clustering of the B. floridae gene óXP_002612442ô to 
the group of ENC genes was only weakly supported by the ML analysis 
(bootstrap value of 17) and not supported by the Bayesian tree inference. 

 

only human, zebrafish, Drosophila melanogaster, Ciona intestinalis, and C. 

savignyi genes, and a phylogenetic tree was inferred. Based on this 

comprehensive phylogenetic tree, a subset containing the ENC gene family was 

selected for further analysis. Sequences of diverse invertebrates were added to 

this reduced dataset, and their position in the tree relative to the ENC gene 

family was examined (Figure 20). One Branchiostoma floridae gene 

(XP_002612442 in NCBI) was placed close to the ENC group of proteins in the 

ML analysis (Figure 20). However, this clustering was only weakly supported 

(bootstrap probability, 17) and was not supported by the neighbor-joining (NJ) 

method and the Bayesian tree inference (Figure 20). Additionally, a Blastp 

search of the B. floridae candidate protein sequence in vertebrates (non-

redundant protein sequences in NCBI) revealed its highest similarity to kelch-

like protein 24 (KLHL24) instead of the ENC genes. The scaffold57 in the B. 

floridae genome assembly (version 1) harbouring this B. floridae gene does not 

contain any orthologs of the genes surrounding ENC genes in the chicken 

genome (S-Table 15). Taken together, our analyses did not particularly support 

the orthology of this B. floridae gene (XP_002612442) to the vertebrate ENC 

genes. 

 

Scale of the putative loss of the ENC3 gene 

Our molecular phylogenetic analysis suggested the absence of the ENC3 

ortholog in eutherians (Figure 19B). The absence was also confirmed by 

exhaustive tBlastn searches using non-mammalian ENC3 peptide sequences in 

eutherian genome assemblies. We aimed to determine whether this absence is 
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best explained by a single-gene loss or a large-scale deletion involving 

substantial parts of the chromosome or even the whole chromosome. 

 

 

Figure 21. Gene location correspondence between ENC3-containing genomic 
region in chicken and its orthologous region in the human genome. 
Magnifications of the indicated regions of chicken chromosome 28 (left) and 
human chromosome 19 (right) are shown in the middle. 1 Mb regions flanking 
chicken ENC3 (shown in bold) were selected, and grey diagonal lines indicate 
gene-by-gene orthology between chicken and human. It should be noted that 
human chromosome 19 is shown in inverted orientation relative to chicken 
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chromosome 28. Human orthologs of the chicken ENC3-neighboring genes, but 
not ENC3 itself, are concentrated in two distinct regions. The high level of 
conserved synteny between the chicken ENC3-containing chromosomal region 
and the human chromosome 19 suggests a small-scale secondary gene loss of 
ENC3 in the lineage leading to eutherians. Abbreviations: chr., chromosome; 
Mb, mega base pairs. 

 

For this purpose, we examined whether gene orders are conserved 

between chicken chromosome 28 containing ENC3, and their orthologs in the 

human genome. In the region flanking ENC3 (1 Mb both up- and downstream), 

we identified 62 chicken protein-coding genes that possess orthologs in the 

human genome, and 58 of these are located on human chromosome 19. More 

precisely, they are concentrated in two distinct regions (Figure 21). This dense 

gene-by-gene orthology between these two chromosomes strongly suggests 

that they are derived from the same ancestral chromosome. Despite several 

rearrangements, the gene order is well conserved (Figure 21). Thus, a large-

scale loss event in the lineage leading to eutherians is not supported. It is more 

likely that the ENC3 gene was lost in this lineage in a single-gene deletion that 

did not affect the surrounding genes.  

 

Did ENC1, -2 and -3 arise through the 2R-WGD? 

In addition to the molecular phylogenetic analysis, we addressed the question 

of the timing of the ENC gene family diversification by investigating the 

conserved gene order between chicken genomic regions containing ENC1, -2 

and -3. The chicken genome was selected for this purpose because it still 

retains the ENC3 ortholog (unlike eutherians), and it experienced no additional 

genome duplication (unlike teleosts). The comparisons between the three 

genomic regions revealed 47 flanking gene families whose pattern of 

diversification matches the expected 2R-WGD pattern (Figure 22). Additionally, 

the hypothetical fourth chromosome of the initial 2R-WGD quartet was 

identified: 15 gene families feature one of the 2R-WGD quartets on 

chromosome 8 or 25 (Figure 22). The identification of these two chromosomes 

is not surprising because genome-wide synteny analyses between human and 

chicken revealed that chicken chromosome 8 and 25 are orthologous to human 
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chromosome 1 (International Chicken Genome Sequencing Consortium 

(ICGSC) 2004; Voss et al. 2011). This is best explained by assuming 

chromosome fission in the lineage leading to chicken that gave rise to 

chromosome 8 and 25. 

 

 

Figure 22. Intra-genomic conserved synteny between ENC-containing regions 
in chicken.  
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(A) Overview of the chromosomal location of the three chicken ENC genes (red 
bars). At the longest, 10 Mb regions flanking the ENC genes were analysed and 
are shown in black. The entire region containing paralogs of ENC-flanking 
genes is shown for chromosomes that lack an ENC gene, namely 8 and 25. (B) 
Gene-by-gene paralogies among the quadruplicated genomic regions are 
highlighted with diagonal lines: grey lines for two paralogs and blue lines for 
three paralogs. Note that the fourth chromosome of the ancestral quartet was 
split into two chromosomes (chromosome 8 and 25). The fourth ENC gene 
presumably got lost during evolution, but was originally located on an ancestral 
genomic region from which both chromosome 8 or 25 are derived. 
Abbreviations: chr., chromosome; Mb, mega base pairs. 

 

Embryonic expression patterns of catshark ENC1 

With whole-mount in situ hybridizations, we attempted to analyse expression 

patterns of ENC genes in zebrafish and small-spotted catshark, but many 

experiments did not detect significant positive expression signals. Thus, here 

we report only the successful case of small-spotted catshark ENC1 with in situ 

hybridizations on histological samples. Both 5ῂ and 3ῂ riboprobes for this gene 

(see Materials and Methods) yielded the same results, and the expression 

patterns shown in Figure 23-Figure 25 were obtained using probes prepared 

with the 3´ end cDNAs. Our analysis on embryos at intermediate (stage 26.5-

28) and late stages (stage 30-35) of development did not detect any significant 

expression signal outside the central nervous system (Figure 23-Figure 25). 

The upregulation was first detected in embryos at stage 26.5, when the 

expression signal was the most intensified in the corpus cerebelli, the 

hypothalamus (particularly in the nucleus lobi lateralis), the hindbrain and a 

putative sensory patch of the otic vesicle (Figure 23). At stage 30, ENC1 is 

expressed in the superficial region of the cerebellum, midbrain and 

telencephalon (Figure 24). The expression in the telencephalon was primarily 

restricted to the primordial plexiform layer. ENC1 is expressed in the developing 

nucleus in the hypothalamus (nucleus lobi lateralis), but not in the 

neurohypophysis. At stage 33, ENC1 is strongly expressed in a specific layer of 

the optic tectum (dorsal part of the midbrain), pallium (dorsal part of the 

telencephalon), and a specific part of the diencephalon (presumably prosomere 

2; Figure 25). From this stage on it is evident that ENC1 transcripts in the 
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telencephalon are restricted to the pallium and absent from the subpallium 

(ventral part of the telencephalon). At stage 35, ENC1 is expressed in the 

dorsal side of the telencephalon (pars superficialis anterior, pars superficialis 

aposteric, and area periventricularis pallialis) and the choroid plexus which is 

the only non-neural expression domain of this gene (Figure 25). 

 

 

Figure 23. Expression patterns of S. canicula ENC1 at stage 26.5.  
ENC1 is expressed in the corpus cerebelli (cocb), diencephalon (di), 
hypothalamus (hpt), parts of the hindbrain (hb) and the otic vesicle (ov). (A) IHC 
staining of the neural system (i.e. acetylated tubulin) of a S. canicula embryo at 
stage 26 is shown. B-M are in situ hybridizations on transverse sections of an 
embryo at stage 26.5 at the levels indicated in A. (B-D) Expression signal in the 
corpus cerebelli and two distinct regions of the diencephalon (arrowheads) are 
shown. (E-G) ENC1 transcripts are detected in the hindbrain and the 
presumptive nucleus lobi lateralis (nlobl) that is part of the hypothalamus 
(arrow). (H, I) Parts of the hindbrain (hb) and the anterodorsal lateral line 
ganglion (allg) are expressing ENC1. (J, K) Expression signals in the hindbrain 
are maintained at this level, and expression in a putative sensory patch of the 
otic vesicle (ov) is detected. (L, M) ENC1 transcripts are detected in the 
hindbrain. Other abbreviations: ed, endolymphatic duct; tel, telencephalon. 
Scale bars: 0.5 mm in B, E, H, J and L; 100 µm in C, D, F, G, I, K and M. 
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Figure 24. Expression patterns of S. canicula ENC1 at stage 30.  
ENC1 is expressed in one layer of the midbrain (mb) and the telencephalon 
(tel), the corpus cerebelli (cocb), diencephalon (di), otic vesicle (ov) and the 
hindbrain (hb). (A) IHC staining of the neural system (i.e. acetylated tubulin) of 
an embryo at stage 30 shows an overview of the head morphology. (B, C) 
ENC1 is expressed in the outermost layer of the midbrain. (D-F) ENC1 
transcripts are located in the corpus cerebelli, the midbrain, and the primordial 
plexiform layer of the telencephalon. (G-I) ENC1 expression persists in the 
telencephalon and is found in the diencephalon and the hindbrain. (J, K) Strong 
expression signals are detected in the hindbrain and in the nucleus lobi lateralis 
(nlobl), a part of the hypothalamus. (L, M) In addition to the hindbrain 
expression, expression in the otic vesicle is shown. Other abbreviations: epi, 
epiphysis; nh, neurohypophysis. Scale bars: 0.5 mm in B, D, G and J; 100 µm 
in C, E, F, H, I, K and L. 
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Figure 25. Expression patterns of S. canicula ENC1 in late brain development. 
A shows IHC staining of the neural system (i.e. acetylated tubulin) of a catshark 
at stage 33. B-I and J, K show transverse sections of the brain from rostral to 
caudal of an embryo at stage 33 and stage 35, respectively. (B-D) ENC1 
transcripts are localized in one specific layer of the optic tectum (ot) and specific 
regions of the pallium (p). No expression signal was detected in the epiphysis 
(epi). (E-G) Low levels of expression were detected in the corpus cerebelli 
(cocb), while strong expression signal was evident in a specific area of the 
diencephalon (di), the prosomere 2 (di p2). (H, I) The ENC1 expression 
continues more caudally in the hindbrain (hb). (J) The rostral-most part of the 
pallium, the pars superficialis anterior of the dorsal pallium (pdsa) and the area 
periventricularis pallialis (app) show ENC1 expression, while it is absent from 
the subpallium (sp). (K) The only non-neural expression domain of ENC1 is the 
choroid plexus (chp). Other abbreviations: asb, area superficialis basalis; epi, 
epiphysis; ob, olfactory bulb; oe, olfactory epithilium; str, stratum; teg: midbrain 
tegmentum. Scale bars: 0.5 mm in B, E, H, J and K; 100 µm in C, D, F, G and I. 
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Discussion 

 

The ENC gene repertoire in vertebrates 

Our survey in public databases (including databases derived from individual 

genome sequencing projects), as well as PCR screens, revealed the presence 

of three ENC subgroups (ENC1, -2 and -3) in jawed vertebrates, two ENC 

genes in the sea lamprey (ENC-A and -B) and one in a hagfish (ENC-A). An 

alignment of deduced amino acid sequences of ENC genes revealed a high 

level of conservation of some key residues (Figure 19A). Therefore, we assume 

that the structure of mature ENC proteins is conserved among vertebrates. 

Our phylogenetic analysis clearly supported the clusters of three distinct 

gnathostome ENC subgroups, namely ENC1, -2 and -3 (Figure 19B). These 

three subgroups show uniform rates of evolution indicated by comparable 

branch lengths. Interestingly, we do not detect any additional gene in teleost fish 

generated in the third round of WGD (Meyer, Van de Peer 2005a). This 

observation can be best explained through a secondary gene loss of one ENC 

paralog derived from this third round of WGD before the radiation of teleosts. 

 

Origin of the ENC gene family 

Our database mining and molecular phylogenetic analysis did not identify any 

apparent ENC ortholog in invertebrates (Figure 20; S-Table 15). One possible 

explanation for the alleged absence of obvious invertebrate ENC orthologs 

might be that they were secondarily lost in invertebrates. However, this 

assumption would require multiple independent gene losses in diverse 

invertebrate lineages. Alternatively, this absence can be explained by an 

elevated evolutionary rate of the ENC gene in the lineage leading to vertebrates 

erasing significant phylogenetic signals from their sequences (Figure 26). In 

molecular phylogenies of many gene families, the branch of the lineage leading 

to vertebrate genes tends to be elongated for the evolutionary time that elapsed 

for that period. However, the rate of sequence evolution could still be in the 

range of sufficient gradualism to allow identification of orthology. In contrast, the 
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evolutionary rate of the ENC gene family might have been beyond gradualism, 

resulting in saltatory sequence change. As a consequence, orthology of 

vertebrate ENC genes to their counterparts in invertebrates might be no longer 

traceable with conventional phylogenetic methods based on overall sequence 

similarity. 

 

 

Figure 26. Scenario describing the diversification of the ENC gene family.  
This schematic gene tree illustrates the saltatory evolution of the ENC gene 
family in the lineage leading to vertebrates. At the base of vertebrate radiation, 
the ancestral ENC gene was quadruplicated in the 2R-WGD giving rise to ENC1 
to -3 as well as the fourth duplicate hypothetically designated ENC4. No 
obvious cyclostome ortholog of gnathostome ENC1 to -3 was identified to date, 
which is best explained by their secondary losses in the cyclostome lineage. 
The hypothetical ENC4 gene presumably was secondarily lost in the lineage 
leading to gnathostomes, and duplicated in cyclostomes giving rise to ENC-A 
and -B followed by presumed gene loss of ENC-B in hagfish. This hypothetical 
scheme is deduced from the phylogenetic trees shown in Figure 19B and 
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Figure 20. Red crosses indicate inferred secondary gene losses, and question 
marks indicate the uncertainties of the loss because of incomplete sequence 
information. 

 

As no immediate outgroup of the vertebrate ENC genes was suggested, 

we were compelled to analyse its molecular phylogeny inside vertebrates with 

an unrooted tree (Figure 19B). The unclarity of the molecular phylogeny is 

enhanced by the long-standing controversy about the timing of whole genome 

duplications (Kuraku, Meyer, Kuratani 2009). In this study, we identified three 

ENC homologs in cyclostomes that occupy a key phylogenetic position in 

addressing early vertebrate evolution. In our phylogenetic analysis, the position 

of the cyclostome ENC genes remains poorly resolved, and no clear orthology 

to any gnathostome ENC subgroup was confidently suggested (Figure 19B). 

Depending on the position of the root, which remains elusive without apparent 

invertebrate ortholog, multiple alternative scenarios are conceivable, regarding 

the diversification pattern within the ENC gene family. A scenario based on the 

2R-WGD in which the cyclostomes (hagfish and lamprey) are the only 

vertebrate group retaining the fourth ENC subtype, the hypothetical ENC4 

gene, would result in the root in position ócô in the phylogenetic tree (Figure 

19B). Other scenarios in which the root is placed in positions óaô, óbô, or óeô are 

also compatible with the 2R-WGD if not only the ideal ((A,B),(C,D)), but also a 

(A,(B,(C,D))) topology is admitted as evidence for a 1-2-4 pattern. Alternatively, 

a root at position ódô would result from a scenario in which the three jawed 

vertebrate ENC subgroups originated through gnathostome-specific gene 

duplications (Figure 19B). All scenarios implicate an additional cyclostome-

specific duplication of the ancestral ENC4 gene resulting in E. burgeri ENC-A, 

P. marinus ENC-A and ENC-B followed by a secondary gene loss or non-

identification of the ENC-B gene in hagfish (Figure 26). It was previously 

proposed that frequent clustering of cyclostome sequences in molecular 

phylogenetic trees might be caused by a systematic artifact resulting from their 

unique sequence properties (Qiu et al. 2011). More sequence data of 

cyclostomes could potentially provide a higher resolution of the ENC gene 

phylogeny. 
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Putative ENC3 gene loss in the eutherian lineage 

Our molecular phylogenetic analysis suggested the absence of ENC3 genes in 

eutherians (Figure 19B). A considerably large number of eutherian genomes 

has been sequenced, and this speaks in favor of a secondary gene loss instead 

of incomplete genome sequencing. Other examples of genes that are absent 

from mammalian genomes, and therefore remained unidentified until recently, 

include the Bmp16 gene (Feiner et al. 2009), the Edn4 gene (Braasch, Volff, 

Schartl 2009), the Pdx2 gene (Mulley, Holland 2010) and the Hox14 gene 

(Powers, Amemiya 2004). To tackle the question of whether the presumed 

absence of ENC3 in this lineage was caused by a small-scale secondary loss or 

rather a large-scale deletion, we searched for conserved synteny between the 

chicken chromosomal region containing ENC and the human genome. We 

identified an array of orthologous genes shared between chicken chromosome 

28 and human chromosome 19 (Figure 21), as previously suggested by 

macrosynteny data (ICGSC 2004). The fact that orthologs of chicken ENC3-

neighboring genes are present in the human genome suggests a single-gene 

loss of ENC3 in the common ancestor of eutherians. It is interesting to 

investigate in future work what impact the loss of the ENC3 ortholog had on 

developmental programs, and to what extent ENC1 and -2 might have possibly 

compensated the roles of ENC3.  

 

Expansion of the ENC gene family in 2R-WGD 

By performing intra-genomic comparison in chicken, we identified a quartet of 

chromosomes containing ENC1, -2 and -3 and the region that presumably 

erstwhile harbored the putative fourth paralog (Figure 22). The patterns and 

timings of duplications in neighboring gene families lend support to the 

hypothesis that ENC1, -2 and -3 are derived from the 2R-WGD early in 

vertebrate evolution (Dehal, Boore 2005; Kasahara 2007; Putnam et al. 2008). 

The precise timing of the 2R-WGD was revealed to be after the split of the 

invertebrate lineages, but before the divergence between cyclostomes and 

gnathostomes (Kuraku, Meyer, Kuratani 2009).  
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Quartets of chromosomes showing conserved synteny have been used 

as evidence of the 2R-WGD (Lundin 1993; Holland et al. 1994; Sidow 1996; 

Spring 1997). It was previously shown that chicken chromosomes 8, 10, 17, 28, 

W and Z were derived from one single chromosome in the hypothetical 

karyotype of the vertebrate ancestor (Nakatani et al. 2007). This set of 

corresponding chromosomes after the 2R-WGD does not form a quartet but a 

sextet, possibly because of chromosome fission after the first round of 

duplication (Nakatani et al. 2007). Our analysis focusing only on parts of the 

chromosomes harboring ENC genes identified the same set of chromosomes 

with the exception of chromosome 25, instead of W and 17 (Figure 22). More 

precisely, our analysis suggested that chromosome 25 and 28 are derived from 

one proto-chromosome separated by fission (Figure 22). The incongruence is 

best explained by different resolution of our study compared to that of Nakatani 

et al. (2007). While we focused on a 20 Mb region flanking the ENC genes, the 

previous study employed fewer markers in the genomic region of our interest 

(Nakatani et al. 2007). This is why our study provided a higher resolution to 

detect micro-level genomic rearrangements relevant for ENC gene family 

evolution. 

   

Conserved role of ENC genes in brain patterning 

Chondrichthyans occupy a key phylogenetic position serving as outgroup to 

osteichthyans (including teleosts and tetrapods). Comparisons of features 

between chondrichthyans and osteichthyans allow us to reconstruct the 

ancestral state of jawed vertebrates. Detailed cross-species comparisons need 

to be drawn with caution and only homologous structures of corresponding 

developmental stages can provide meaningful insights into the evolution of 

expression patterns and their regulation. In this respect, the expression patterns 

we obtained in the small-spotted catshark S. canicula and those of Xenc-1 to -3 

are difficult to compare because Haigo et al. (2003) mainly focused on earlier 

developmental stages that do not correspond to catshark stages 26.5-35. In 

addition, the literature does not contain any detailed description of Xenc 

expression domains in the developing brain as Garcia-Calero (2009) and 
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Hernandez (1997) published for chicken (only telencephalon) and mouse 

ENC1, respectively. The ENC1 expression in the catshark prosencephalon 

(primordial plexiform layer of telencephalon and specific parts of the pallium; 

see Figure 23-Figure 25) has also been described for chicken (Garcia-Calero, 

Puelles 2009) and mouse (Hernandez et al. 1997). In addition, ENC1 is 

expressed in diencephalon (hypothalamus and prosomere 2 of the 

diencephalon), mesencephalon (optic tectum) and rhombencephalon (corpus 

cerebelli and its caudal extension to the neural tube) of catshark (Figure 23-

Figure 25) and mouse (Hernandez et al. 1997). This suggests that the roles of 

ENC in brain patterning were already established in the last common ancestor 

of chondrichthyans and osteichthyans. Although deep homology between all 

bilaterian brains has been suggested (reviewed in Hirth 2010; see also 

Northcutt 2012 and references therein), integrative centers such as the 

telencephalon have not been identified in non-vertebrate chordates (Wicht, 

Lacalli 2005; see also Pani et al. 2012). Thus, well organized brain structures 

based on the expansion of the neural tube should be regarded as a vertebrate 

novelty. Its origin in the earliest phase of vertebrate evolution coincides with the 

establishment of the ENC gene family involved in brain patterning. It is intriguing 

to corroborate if the emergence of this gene family contributed to the vertebrate 

novelty of the tripartite brain. 

We also identified differences in expression patterns suggesting lineage-

specific changes in developmental programs. ENC1 expression in presomitic 

mesoderm, the only expression domain outside the nervous system, and dorsal 

root ganglia of mouse embryos (Hernandez et al. 1997), and in somites and 

dorsal fin of Xenopus (Haigo, Harland, Wallingford 2003) was not observed in 

the developing stages of catshark embryos we investigated (Figure 23-Figure 

25). Thus, these expression domains were most likely secondarily gained in the 

respective lineages. However, we identified a non-neural expression of ENC1 in 

the choroid plexus of a catshark embryo at stage 35 (Figure 25K) that has not 

been identified in any other species to date. The choroid plexus potentially is an 

ancestral jawed vertebrate ENC1 expression domain that was lost in the lineage 

leading to osteichthyans or, more parsimoniously, represents an autapomorphic 



 CHAPTER IV 

 

114 

feature of chondrichthyans. ENC1 expression in the optic vesicle is shared 

between Xenopus and mouse but is not observed in catshark embryos (Figure 

23-Figure 25) and should have been established in the common ancestor of 

tetrapods at the latest. 

Within osteichthyans, expression data of ENC2 and -3 genes as well as 

ENC1 allows inferences of possible shuffling of expression domains. The full set 

of ENC1, -2 and -3 genes has been investigated only in X. laevis (Haigo, 

Harland, Wallingford 2003), and enc3 expression was investigated in the 

zebrafish Danio rerio (Bradford et al. 2011). The presence of three ENC genes 

in Xenopus allows the identification of shared expression domains common to 

ENC1-3. During tailbud stages, all three Xenopus ENC genes are expressed in 

the neural tube and the otic vesicle. In addition, each gene possesses specific 

expression domains, such as the dorsal fin, the cement gland, and the 

pronephric anlage for ENC1 (Xenc-3), ENC2 and ENC3 (Xenc-1), respectively. 

ENC1 is expressed in a more pleiotropic manner than its sister genes ENC2 

and ENC3 in Xenopus, suggesting its prevalent role in the developing nervous 

system. The expression pattern of the only actinopterygian ENC gene 

investigated to date, namely zebrafish enc3 (enc1l), resembles more that of 

ENC1 than its ortholog ENC3 in Xenopus. All three genes share expression in 

the neural tube and optic vesicle, but only transcripts of zebrafish ENC3 and 

Xenopus ENC1 are located in otic vesicle and tail bud. This suggests a shuffling 

of expression domains at least among ENC1 and ENC3 in osteichthyans. An 

intriguing question about possible shuffling of expression domains among all 

three jawed vertebrate ENC subgroups is currently elusive because of missing 

ENC2 expression data in mammals and the presumed absence of ENC3 in 

eutherians. Our analysis of ENC1 expression domains in the small-spotted 

catshark S. canicula suggests conserved developmental roles of this gene 

during jawed vertebrate evolution. 

 

Perspectives 

It is usually the case that we can identify invertebrate orthologs of vertebrate 

gene families even though they experienced secondary events such as whole 
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genome duplications in the vertebrate lineage. Many of such genes are 

additional copies of existing genes derived from the whole genome duplications. 

Otherwise, some genes arose de novo at the base of vertebrate evolution. 

Interestingly, the ENC family does not belong to these categories, possibly 

because of the saltatory evolution of the ancestral ENC gene early in the 

vertebrate lineage. This unique feature was masked for a long time by a lack of 

whole genome sequences of invertebrates. To our knowledge, Satb1/2 genes 

(Nechanitzky et al. 2012) in the homeobox-containing gene family belong to this 

category (Burglin, Cassata 2002; Zhong, Butts, Holland 2008). Our finding 

renders an insightful theme for future genome-wide studies to reveal more long-

standing genes that experienced saltatory evolution at the emergence of 

vertebrates, and examine their contribution to phenotypic characters unique to 

vertebrates.  

 

Materials and methods 

 

Collection and staging of catshark embryos 

Eggs of the small-spotted catshark S. canicula were harvested by staffs of the 

Sea Life Centre Konstanz and incubated in separate containers at 18°C in 

oxygenated water until they reached required stages. Embryos were dissected 

in phosphate-buffered saline solution and staged according to Ballard et al. 

(1993b). Animals that were subjected to in situ hybridizations were fixed for 12 

hours at 4ÁC in either Serraôs fixative or 4% paraformaldehyde. Additionally, 

staged and fixed S. canicula embryos were provided by the Biological Marine 

Resources facility of Roscoff Marine Station in France. 

 

PCR 

Genomic DNA extracted from red blood cells of H. francisci and N. brevirostris 

was gifted by Yuko Ohta. Total RNA was extracted using TRIzol (Invitrogen) 

from an adult L. platyrhincus and a S. canicula embryo at stage 33. Total RNA 

of E. burgeri was gifted by Shigeru Kuratani. These total RNAs were reverse 
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transcribed into cDNA using SuperScript III (Invitrogen), following the 

instructions of the 3´ RACE System (Invitrogen).  

gDNAs of H. francisci and N. brevirostris, and cDNAs of L. platyrhincus 

and S. canicula were used as templates for degenerate PCRs using forward 

oligonucleotide primers that were designed based on amino acid stretches 

shared among ENC1, -2 and -3 sequences of diverse vertebrates. Forward 

primer sequences were 5´-GCA TGC WSN MGN TAY TTY GAR GC-3´ for the 

first, and 5´-TGC CAN MGN TAY TTY GAR GCN ATG TT-3´ for the nested 

reaction, and reverse primer sequences were 5´-TG TGC NCC RAA RTA NCC 

NCC NAC-3´ for the first, and 5´-TGC TCC RAA RTA NCC NCC NAC NAC-3´ 

for the nested reaction. 5ῂ ends of S. canicula ENC1 and ENC3 transcripts were 

obtained using the GeneRacer Kit (Invitrogen). These cDNA fragments were 

used as templates for riboprobes used in in situ hybridizations. A 249 base pair 

fragment of E. burgeri ENC-A was identified by performing a Tblastn search in a 

hagfish EST archive [URL: http://transcriptome.cdb.riken.go.jp/vtcap/ (Takechi 

et al. 2011)] using human ENC1 peptide sequence as query. Based on this 

sequence, gene specific primers were designed, and the 5ῂ part of the coding 

region plus 5ῂ UTR of E. burgeri ENC-A was obtained using the GeneRacer Kit 

(Invitrogen). Assembled full-length S. canicula ENC1 and ENC3 cDNA 

sequences and the obtained fragments of E. burgeri ENC-A, H. francisci ENC1 

and ENC3, N. brevirostris ENC3 and L. platyrhincus ENC2 are deposited in 

EMBL under accession numbers HE981756, HE981757, HE981759, HE981760 

and HE981762 ï HE981764. 

 Because the chicken ENC3 gene sequence was incomplete with a 

stretch of óNôs in the ORF of ENSGALG00000024263 (Ensembl genome 

database; http://www.ensembl.org; version 64; Hubbard et al. 2009), we 

performed a RT-PCR with gene specific primers and sequenced the missing 

part. By aligning the overlapping regions of the deduced protein sequences of 

the newly obtained fragment and the incomplete sequence in Ensembl, we 

detected an amino acid substitution. The comparison with other vertebrate ENC 

proteins clearly showed that this is a highly conserved residue (asparagine). 

Therefore, we assume that the lysine residue of the Ensembl chicken ENC3 

http://transcriptome.cdb.riken.go.jp/vtcap/
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protein was caused by a sequencing error, which is also likely with regard to the 

stretch of óNôs. The curated cDNA fragment is deposited in EMBL under 

accession number HE981758. 

 

Retrieval of sequences from public databases 

Sequences of ENC homologs were retrieved from the Ensembl genome 

database  and NCBI Protein database, by performing Blastp searches (Altschul 

et al. 1997) using human ENC1 as query. An optimal multiple alignment of the 

retrieved ENC amino acid sequences including the query sequence was 

constructed using the alignment editor XCED in which the MAFFT program is 

implemented (Katoh et al. 2005). Likewise, the second alignment including 

human, zebrafish, Drosophila melanogaster, Ciona intestinalis, and C. savignyi 

amino acid sequences belonging to the KLHL superfamily was constructed (for 

a list of sequences used in this study, see supplementary table S1, 

Supplementary Material online). 

P. marinus ENC-A was predicted in the AUGUSTUS web server (URL: 

http://bioinf.uni-greifswald.de/augustus-training-0.1/prediction/create) with its 

species-specific parameters on the supercontig22564 in the version 3 assembly 

of the genome sequencing project (PMAR3.0). An ORF that we designated P. 

marinus ENC-A was curated (for sequence see  

 

S-Table 16). A truncated fragment of this gene is also present in 

Ensembl version 64 (ENSPMAG00000008371). The second lamprey ENC gene 

(ENC-B) is available in Ensembl version 64 (ENSPMAG00000000574). 

Because of unresolved orthology of these lamprey ENC genes to gnathostome 

ENC1-3, we refer to them as PmENC-A and PmENC-B.  

In order to search for ENC orthologs in sequenced invertebrate 

genomes, we explored public databases. Predicted peptide sequences of 

Nematostella vectensis, Trichoplax adherens, Helobdella robusta, Capitella 

teleta, Lottia gigantea, Daphnia pulex, Branchiostoma floridae [all accessible at 

the DOE Joint Genome Institute (URL: http://www.jgi.doe.gov/)] and of 

Schistosoma mansoni 

(ftp://ftp.sanger.ac.uk/pub/pathogens/Schistosoma/mansoni/genome/gene_pred

http://bioinf.uni-greifswald.de/augustus-training-0.1/prediction/create
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ictions/) were downloaded, and local Blast searches using human ENC1 protein 

as query were performed. Invertebrate sequences with high similarity scores 

were included in the phylogenetic analyses (Figure 20 and S-Figure 8). 

 

Molecular phylogenetic analysis 

In phylogenetic analyses we employed RAxML (Stamatakis 2006) for 

maximum-likelihood (ML) tree inference, PhyML (Guindon, Gascuel 2003) for 

neighbor-joining (NJ) tree inference, and MrBayes 3.1 (Huelsenbeck, Ronquist 

2001) for Bayesian method. Optimal amino acid substitution models were 

determined by ProtTest (Abascal, Zardoya, Posada 2005). In order to identify 

invertebrate orthologs of ENC genes and to investigate the phylogenetic 

relationships within the ENC gene family, a dataset that contained relevant 

representatives of each major vertebrate class for each ENC subtype was 

created (Figure 19B; S-Table 17). Similarly, we constructed a molecular 

phylogeny of the complete KLHL superfamily (S-Figure 8). Based on these 

inferred relationships, several invertebrate sequences that are closely related to 

the ENC gene family were selected and phylogenetically analysed for putative 

orthology to the ENC gene family (Figure 20). 

 

In situ hybridization and immunohistochemistry 

The aforementioned 5ῂ and 3ῂ cDNA fragments of S. canicula ENC1 were used 

as templates for riboprobes used in in situ hybridizations. Paraffin-embedded 

section in situ hybridizations using S. canicula embryos were performed as 

previously described (Kuraku, Usuda, Kuratani 2005), with the modification that 

the acetylation step and the proteinase K treatment were skipped. Whole-mount 

in situ hybridizations were performed according to a protocol originally 

developed for snake and lizard embryos (Nicolas Di-Poɥ, personal 

communication). Stained embryos were examined with a Zeiss Axiophot 

microscope. Immunohistochemistry (IHC) on whole-mount S. canicula embryos 

was performed as previously described (Kuratani, Eichele 1993) with minor 

modifications. Monoclonal anti-acetylated tubulin antibody (Sigma T7451) was 

used to detect developing axons. As secondary antibody, AlexaFluor 568 goat 
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anti-mouse IgG (H+L, Invitrogen A-11004), was applied, and the signal was 

detected using fluorescence microscopy (Leica). Images were processed with 

Zeiss Axiovision and Adobe Photoshop software. 

 

Identification of conserved synteny 

In order to analyse the mode of the putative loss of ENC3 in eutherians, we 

downloaded a list of Ensembl IDs of 79 genes harbored in the 1 Mb genomic 

region flanking ENC3 in chicken, together with IDs of human orthologs of those 

genes via the BioMart interface. Human orthologs that are located on 

chromosome 19 were plotted against the corresponding chicken chromosomal 

region (Figure 21). 

We analysed the genomic regions up to 10 Mb flanking the three chicken 

ENC genes in order to search for conserved intra-genomic synteny (Kuraku, 

Meyer 2012b). Using the Ensembl óGene Treeô, we selected only pairs, triplets 

or quartets of paralogous genes that show a gene duplication pattern in 

accordance with the 2R-WGD (Dehal, Boore 2005). This examination of 

phylogenetic trees of ENC-neighboring genes revealed the genomic region 

which presumably harbored the fourth ENC subtype, the hypothetical ENC4 

gene (Figure 26). The conserved synteny is depicted in Figure 22. 
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Abstract 

Recently, a novel relative of the well-characterized Bmp2/4 class of 

developmental genes, designated Bmp16, was identified in zebrafish. The 

notably distinct properties of Bmp16 compared to those of the highly conserved 

Bmp2 and -4 genes qualify it as an ideal test case to study recurrent patterns of 

diversification after gene duplications. Molecular phylogenetic analysis of the 

vertebrate Bmp2/4/16 subfamily revealed the origin of Bmp16 at the earliest 

phase of vertebrate evolution. Further comparison of gene orders between 

Bmp2, -4 and -16-flanking genomic regions demonstrated conserved synteny 

suggesting their triplication in the two-rounds of whole genome duplications 

(2R-WGD). An exhaustive database survey showed that Bmp16 orthologs are 

present in sharks, teleosts, coelacanth and reptiles and indicated secondary 

gene losses of its orthologs in the amphibian, archosaurian and mammalian 

lineages for which whole genomes have been sequenced. Embryological 

analyses in zebrafish, anole lizard and shark showed that expression patterns 

of Bmp16 are variable: while widely expressed in the zebrafish, i.e. swim 

bladder, heart, tail bud, ectoderm of pectoral and median fin folds and gut 

epithelium, it is only expressed in limb buds and the ventral part of the tail in the 

anole lizard, and no expression domain was detected in shark embryos. This 

variation in Bmp16 expression is in stark contrast to the high level of 

conservation of developmental roles within the groups of Bmp2 and Bmp4 

genes. To understand the embryonic function of bmp16 in zebrafish and to 

disentangle its redundancy with other Bmp relatives, we performed morpholino 

knockdown experiments. Bmp16 knockdown impairs tail bud outgrowth. The 

low level of conservation of Bmp16 expression patterns across vertebrates 

together with multiple secondary gene losses indicate an elevated evolutionary 

rate of Bmp16 compared to its sister genes Bmp2 and -4. A relative-rate test 

comparing substitution rates ruled out the possibility that this is caused by 

hypermutability of the Bmp16 locus. This study highlights the necessity to 

combine gene expression analysis and molecular phylogenetics to shed light on 

patterns of diversification that act on paralogs upon genome duplications. 
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Comprehensive test cases allow us to gain insights into discrepancies in gene 

repertoires, and ultimately understand their evolutionary impact on associated 

developmental programs.  

 

Introduction 

 

The TGF-ɓ superfamily 

A gradient of secreted morphogens, namely bone morphogenetic proteins 

(Bmps), specifies the dorsoventral axis. The mechanism is conserved 

throughout bilaterians (Holley et al. 1995; De Robertis, Sasai 1996) even 

though the dorsoventral axis is reversed in deuterostomes and protostomes 

(Arendt, Nubler-Jung 1994). Bmp genes belong to the transforming growth 

factor (TGF)-ɓ superfamily whose members encode signal transduction 

molecules. Besides Bmp genes, the TGF-ɓ superfamily contains growth 

differentiation factors (GDFs), TGF-ɓ, nodal, lefty, inhibin and activin (de 

Caestecker 2004). It should be noted that Bmp1, despite its intriguing name, 

does not belong to the TGF- ɓ superfamily. In addition to the fundamental role 

of Bmp2/4 class genes in axis specification, other members of the TGF-ɓ 

superfamily fulfill pleiotropic functions and regulate reams of biological 

processes, such as organogenesis, limb and tooth development and neural 

crest cell induction, migration and differentiation (Hogan 1996; Stottmann et al. 

2004; Derynck, Miyazono 2008).  

In osteichthyans, Bmp2 and -4 are involved in various developmental 

processes, for example the patterning of limb buds, heart, otic vesicle, retina, 

branchial arches, craniofacial placodes, urogenital system and lungs (Lyons, 

Pelton, Hogan 1990; Jones, Lyons, Hogan 1991; Padgett, Wozney, Gelbart 

1993; Francis et al. 1994; Bitgood, McMahon 1995; Clement et al. 1995; 

Hemmati-Brivanlou, Thomsen 1995; Martinez-Barbera et al. 1997; Beck, 

Whitman, Slack 2001; Mizutani, Bier 2008). In zebrafish, two subtypes, bmp2a 

and bmp2b, are known as orthologs of the non-teleost Bmp2, while only a 

single gene is reported as the Bmp4 ortholog so far. Cyclostome genes possess 

a key phylogenetic position and deserve a particular attention in reconstructing 
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vertebrate gene family evolution. The hitherto described gene repertoire of 

Bmp2/4-related genes in cyclostomes consists of three genes in the sea 

lamprey Petromyzon marinus termed Bmp2/4-A, Bmp2/4-B and Bmp2/4-C 

(McCauley, Bronner-Fraser 2004). Orthology between these three cyclostome 

genes and any individual gnathostome subtype has not been clearly 

established (Feiner et al. 2009). However, the combined expression patterns of 

gnathostome Bmp2 and -4 genes appear to be most similar to lamprey Bmp2/4-

A, while lamprey Bmp2/4-B and -C play a role in later stages of development 

(McCauley, Bronner-Fraser 2004). A novel subtype of the Bmp2/4 class of 

genes, designated Bmp16, was discovered as late as in 2009 (Feiner et al. 

2009). Although members of this subtype have been identified only in teleosts, 

an origin in the earliest phase of vertebrate evolution was suggested (Feiner et 

al. 2009). Taken together, the described Bmp2/4 gene repertoire of vertebrates 

consists of Bmp2 and -4 genes prevalent throughout gnathostomes, a Bmp16 

subtype identified in teleosts and three Bmp2/4 genes in cyclostomes with 

unknown relationship to gnathostome homologs. 

 

Bmp regulation 

The pleiotropic functions of Bmp signaling require exact regulation to assure 

specificity. This is achieved through multi-level regulations, from tissue-specific 

transcription to modulation of signal transduction upon receptor binding. One 

way of regulating Bmp signaling is the proteolytical activation of Bmp precursor 

proteins by proprotein convertases. These enzymes recognize the minimal 

consensus motif Arg-X-X-Arg (Molloy et al. 1992) and cleave precursor peptides 

close to their carboxy-terminus to produce active extracellular signal ligands 

(Chen, Zhao, Mundy 2004). Proteins of the Bmp2/4 class including the 

Drosophila ortholog, decapentaplegic (DPP), but not Bmp7 are sequentially 

cleaved at two of these motifs (S1 and S2; Cui et al. 2001; Nelsen, Christian 

2009). Studies of the Bmp4 protein revealed that precursors cleaved only at the 

S1 motif act as short-range signaling protein, while precursors cleaved on both 

S1 and S2 motifs are more active and convey long range signals (Cui et al. 
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2001). This two-step cleavage process regulating the activity of mature peptides 

is a unique characteristic of the Bmp2/4 class of proteins.  

Another level in controlling the specificity of Bmp signaling is the binding 

to receptors. Extracellular mature Bmp proteins form both homodimers and 

heterodimers, and notably, heterodimers are more active than homodimers 

(Hazama et al. 1995). Dimerization depends of a set of seven cysteine residues 

at the C-terminus of the mature Bmp protein. Six cysteine residues form three 

intrasubunit disulfide bonds important for structural integrity, whereas the 

seventh cysteine residue forms a disulfide bond with the second subunit to 

stabilize the dimer interface (McDonald, Hendrickson 1993; Griffith et al. 1996). 

In addition to the proteolytical cleavage of precursor proteins and dimerization 

of mature proteins, numerous mechanism by which Bmp signaling is controlled 

have been described, e.g. differential binding to type I and type II receptors (de 

Caestecker 2004), modulation of receptor binding through agonists and 

antagonists such as Chordin or transcriptional response mediated by Smad 

activator complexes (Derynck, Miyazono 2008). These described multi-level 

regulations of Bmp activity secure the specificity required for pleiotropic 

functions. 

 

Bmp16 - first description 

Scarce information of their sister gene Bmp16 is available, although Bmp2 and -

4 genes have been intensively investigated on diverse levels of interest. The 

Bmp16 gene has been identified only in teleost fishes (Feiner et al. 2009; 

Luckenbach, Dickey, Swanson 2011), although phylogenetic analyses 

suggested its origin at the earliest phase of vertebrate evolution (Feiner et al. 

2009). Bmp16 expression patterns have been described in zebrafish (Feiner et 

al. 2009) and salmon (Luckenbach, Dickey, Swanson 2011). In the developing 

zebrafish, bmp16 transcripts are localized in swim bladder, heart, tail bud, 

ectoderm of pectoral and median fin folds and gut epithelium. In salmon, bmp16 

is expressed in ovaries (Luckenbach, Dickey, Swanson 2011). Notably, a role of 

Bmp2 and -4 in the swim bladder has not been described, and is thus a bmp16-

specific expression domain.  
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Aim of this study 

The Bmp2/4/16 class of genes provides an excellent test case to study 

recurrent patterns of gene family evolution and reconstruct the fates of sister 

genes after duplications. The detailed knowledge of Bmp2 and -4 genes 

provides the comparative framework for our insights into the evolution of the 

Bmp16 gene gained in this study. A search for conserved synteny between 

bmp2, -4 and -16-containing loci in the stickleback genome suggests the origin 

of the three duplicates in a large-scale duplication event coinciding with the 2R-

WGD. In situ hybridizations of Bmp16 in representatives of chondrichthyans, 

reptiles, and teleosts revealed divergent expression profiles: many ancestral 

expression domains were differentially lost, most drastically in the lineages 

leading to shark, and also new expression domains were acquired in the 

lineage leading to zebrafish and anole. Another characteristic of Bmp16 is their 

absence from amphibian, archosaurs and mammalian genomes. Our search for 

conserved synteny between regions surrounding stickleback bmp16 and 

chicken and human genomes suggested that the absence of mammalian 

Bmp16 was caused by a single-gene loss. Both the findings of the variability of 

expression patterns among shark, anole, and zebrafish Bmp16 genes and the 

restricted phylogenetic distribution of Bmp16 are in stark contrast to the high 

level of conservation of Bmp2 and -4. A morpholino-induced knockdown of 

bmp16 in zebrafish demonstrated a phenotype in the outgrowing tailbud, and 

this indicates that other bmp genes expressed in this region (bmp7 and bmp2a) 

do not compensate for the reduced level of bmp16 transcript. Our study 

describes several characteristics of the Bmp16 gene and the comparison to 

Bmp2 and -4 reveals recurrent patterns of gene family evolution. 

 

Material and methods 

 

Animals 

Eggs of the small-spotted catshark Scyliorhinus canicula and the thornback ray 

Raja clavata were collected by staffs of the Sea Life Centre Konstanz and kept 
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in separate containers at 18°C in oxygenated water until they reached required 

stages, which were determined according to Ballard et al. (1993a). Eggs of the 

green anole Anolis carolinensis were collected from in-house captive breeding 

colonies and incubated at 28°C and ~70% humidity until they reached required 

stages determined after Sanger et al. (2008). Animals that were subjected to in 

situ hybridization were stored in methanol after fixation in 4% paraformaldehyde 

(PFA). Our collaborators kindly provided embryos of the cloudy catshark 

Scyliorhinus torazame, the Australian lungfish Neoceratodus forsteri (for details 

see Feiner et al. 2011b), the Madagascar ground gecko Paroedura pictus and 

the Senegal bichir Polypterus senegalus, cDNA of the cichlid Astatotilapia 

burtoni, and RNA of a hybrid sturgeon embryos (Huso dauricus female x 

Acipenser ruthenus male) and brain tissue of an adult inshore hagfish 

(Eptatretus burgeri). Muscle tissue of an adult Florida Gar (Lepisosteus 

platyrhinchus) was obtained from a captive specimen.  

 

RT-PCR 

Total RNA was extracted from muscle tissue of L. platyrhinchus and embryos of 

R. clavata, S. canicula, S. torazame, P. senegalus, N. forsteri, P. pictus and A. 

carolinensis by using TRIzol (Invitrogen). These isolated RNAs and RNAs of the 

hybrid sturgeon and E. burgeri were reverse transcribed into cDNA using 

SuperScript III (Invitrogen), following the instructions of 3ῂ RACE System 

(Invitrogen). All cDNAs were used as templates for degenerate PCRs using 

oligonucleotide primers that were designed based on amino acid stretches 

shared either only among Bmp2 and -4 proteins of diverse vertebrates, or only 

among Bmp16 proteins. 3ῂ RACE PCRs were performed for first identifications 

of genes and 5ῂ RACE PCRs, the GeneRacer Kit (Invitrogen) or the SMARTer 

RACE Kit (Clontech) were used to obtain 5ῂ ends of cDNAs (for details of PCRs 

and primer sequences please refer to S-Table 20 and S-Table 21).  

 

Retrieval of sequences 

Sequences belonging to the Bmp2/4/16 subgroup of genes were retrieved from 

the Ensembl genome database (version 69; including Ensembl Pre; 
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http://www.ensembl.org/; Hubbard et al. 2009) and NCBI Nucleotide database. 

We performed tblastn searches using human Bmp2 and -4, and green anole 

Bmp16 amino acid sequences as queries.  

 

Molecular phylogenetic analysis and tests for evolutionary rates 

An optimal multiple alignment of all retrieved cDNA sequences was constructed 

using MEGA5 (Tamura et al. 2011a), in which the MUSCLE program (Edgar 

2004a) is implemented. The best-fitting nucleotide and amino acid substitution 

models, respectively, were estimated in MEGA5. Molecular phylogenetic trees 

were inferred using the regions that were unambiguously aligned with no gaps. 

Maximum-likelihood (ML) as well as neighbor-joining (NJ) trees were inferred 

using PhyML (Guindon, Gascuel 2003). The phylogenetic analysis shown in 

Figure 27 was conducted based on deduced amino acid sequences of selected 

Bmp2, -4 and -16 genes and invertebrate chordates as outgroup. This dataset 

excluded several fragments identified in our degenerate PCR screens because 

of incomplete sequence information (S-Table 19). To statistically assess the 

likelihoods of alternative tree topologies, we performed an exhaustive search in 

the óuser defined treesô mode of Tree-Puzzle (Schmidt et al. 2002). All 10,395 

possible tree topologies resulting from eight OTUs, namely, gnathostome 

Bmp2, gnathostome Bmp4, teleost bmp16, A. carolinensis Bmp16, P. marinus 

Bmp2/4-A, P. marinus Bmp2/4-B and -C, E. burgeri Bmp2/4-Ŭ and outgroup. 

Phylogenetic relationships within individual OTUs were constrained according to 

the generally accepted species phylogeny. The software CONSEL (Shimodaira, 

Hasegawa 2001) was used to statistically compare alternative tree topologies 

(Table 2).  

The second phylogenetic tree focusing on Bmp16 genes (Figure 28A) 

was inferred and included all identified Bmp16 genes except for the partial 

Poeciliopsis turneri ortholog see S-Table 18 and S-Table 19 for accession IDs 

of sequences). 

Evolutionary rates between orthologous bmp2, -4 and -16 gene pairs of 

Fugu and stickleback were estimated in the software package PAML (Yang 
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1997). Number of nonsynonymous (dN) and synonymous (dS) substitutions, as 

well as the ratio (ɤ=dN/dS), were calculated (Table 3). 

  

Synteny analyses  

We searched for conserved synteny between the genomic regions of Bmp2, -4 

and 16 to test the hypothesis that these duplicates are derived from genome 

duplication (Kuraku, Meyer 2012a). Using the Ensembl BioMart interface, we 

downloaded a set of paralogous genes shared between 10 Mb chromosomal 

regions flanking bmp2b, -4 and 16 in the stickleback genome. This set of 

paralogs was filtered using Ensembl óGene Treeô, and we retained only pairs, 

triplets of quartets of paralogs whose duplication pattern is in accordance with 

the 2R-WGD. The locations of these paralogs were plotted onto the 

corresponding stickleback chromosomes (e.g. ólinkage groupsô; Figure 29B and 

C).  

 We searched for regions in the human, chicken and Xenopus tropicalis 

genome that are orthologous to the Bmp16-containing region in the green 

anole. We downloaded genes harbored in the 1 Mb region flanking green anole 

Bmp16 and their orthologs in human, chicken and Xenopus tropicalis using the 

Ensembl BioMart interface. Gene-by-gene correspondence between the focal 

region in the green anole linkage group ófô and human chromosome 19 were 

plotted (Figure 29A) and all information of gene locations are provided in S-

Table 22. 

 

In situ hybridization of Bmp2/4/16 genes in the green anole, the thornback 

ray and small-spotted catshark 

Riboprobes used in in situ hybridizations were produced based on 3ῂ and 5ῂ 

fragments of A. carolinensis, R. clavata and S. canicula Bmp2 and -4, and A. 

carolinensis and S. canicula Bmp16 cDNAs. All whole-mount in situ 

hybridizations were performed according to a protocol that was originally 

developed for snake and lizard embryos (Nicolas Di-Poɥ, personal 

communication; Figure 30). Paraffin-embedded section in situ hybridizations 

were performed as previously described (Kuraku, Usuda, Kuratani 2005), with 
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the modification that the acetylation step and the proteinase K treatment were 

skipped. Riboprobes were labeled with digoxigenin-UTP (Roche Applied 

Science) and hybridization was detected with alkaline phosphate-conjugated 

anti-digoxigenin antibody followed by incubation with nitroblue tetrazolium and 

BCIP (5-bromo-4-chloro-3-indolyl phosphate). Stained embryos were examined 

with a Zeiss Axiophot microscope. Images were processed using Zeiss 

Axiovision and Adobe Photoshop software. 

 

Morpholino knockdown of bmp16 in zebrafish 

Two distinct strategies of morpholinos-induced gene knockdown (Ekker 2000; 

Heasman, Kofron, Wylie 2000; Nasevicius, Ekker 2000) were applied. A 

translation-blocking morpholino (bmp16-MO-trans; 5ῂ-

ACCAGTAGGCTAGCAGGGAACATCT-3ῂ) and a splice-blocking MO (bmp16-

MO-splice; 5ῂ-CAATAACTGCTCATGCTGTACCTGT-3ῂ) targeting zebrafish 

bmp16 were purchased from GeneTools, LLC (Figure 31A). The bmp16-MO-

splice was designed to affect a splice-donor site. The resulting transcript lacks 

exon 2 that contains the start codon. It should be noted that the zebrafish 

bmp16 gene structure provided in Ensembl lacks two exons, and therefore, our 

MO design was based on a manually-curated cDNA (Feiner et al. 2009). MOs 

were solubilized in water at a stock concentration of 2 mM (16 ng/nl). One-cell 

stage embryos of wild-type zebrafish were injected with 3-9 nl of 4:5, 1:5 and 

1:10 dilutions in water, or water as control (approximately 4.8 to 115 ng). To 

reveal specific effects of the bmp16 knockdown in tail outgrowth, the mesoderm 

inducer ntl and the neural marker sox2 (Chapouton et al. 2006) were used. We 

performed in situ hybridizations using probes against these marker genes on 

MO-injected and control-injected embryos at 24 hpf as previously described 

(Begemann et al. 2001). 

We monitored the efficiency of the bmp16-MO-splice by performing RT-

PCRs using primers binding to coding regions flanking exon 2 (Figure 31A). For 

this experiment, bmp16-MO-splice-injected and control-injected embryos were 

sacrificed at 24 hpf. Total RNA was extracted and reverse transcribed into 

cDNA using SuperScript III (Invitrogen). This cDNA was used as template in 
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RT-PCRs with primers indicated in Figure 31A, and the efficiency of the MO-

splice knockdown was evaluated based on the amplification of a shorter 

transcript (data not shown).  

The efficiency of the bmp16-MO-trans was controlled by co-injection of 

this MO with a mRNA construct containing the MO-binding site fused to a 

sequence encoding a green fluorescent protein (GFP). The differences in 

fluorescent intensity between embryos injected only with the mRNA construct, 

and embryos co-injected with the mRNA construct and bmp16-MO-trans were 

observed (data not shown). 

 

Results 

 

Identification of Bmp2/4/16 homologs in diverse non-model vertebrates by 

RT-PCRs and database searches 

A 3ῂ fragment of the small-spotted catshark S. canicula Bmp16 was identified in 

an expressed sequence tag (EST) archive obtained from embryos of a wide 

range of developmental stages and adult tissues (Oulion et al. 2010). Using 

primers designed based on S. canicula Bmp16, we identified a Bmp16 fragment 

in the cloudy catshark S. torazame. Our effort to obtain a full-length 

chondrichthyans Bmp16 gene resulted in cDNA fragments spanning ~100 

amino acids of the 3ῂ end of the coding sequence. This effort involved various 

RACE-PCR systems (standard 5ῂ RACE, GeneRacer and SMARTer RACE) 

and screening of a BAC library of the S. canicula genome (Oulion et al. 2010). 

Our database mining identified Bmp16 sequences of L. chalumnae, A. 

carolinensis and diverse teleost fishes in the Ensembl database, and a Bmp16 

fragment in the spotted gar Lepisosteus oculatus in Ensembl Pre. The NCBI 

database contained Bmp16 sequences of the teleost fish species blackspotted 

livebearer (Poeciliopsis turneri), Atlantic salmon (Salmo salar) and gilt-head sea 

bream (Sparus aurata), and of the Burmese python (Python molurus). 

In degenerate RT-PCR screens, we obtained Bmp2 cDNA sequences of 

A. burtoni, H. dauricus, a hybrid sturgeon (Huso dauricus x Acipenser 
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ruthenus), P. senegalus, R. clavata, S. canicula, S. torazame and P.pictus, 

Bmp4 cDNA sequences of A. burtoni, a hybrid sturgeon (Huso dauricus x 

Acipenser ruthenus), L. platyrhincus, N. forsteri, P. senegalus, R. clavata, S. 

canicula, S. torazame and P. pictus and Bmp16 cDNA of A. burtoni. In addition, 

we cloned a Bmp2/4/16 homolog of E. burgeri that we designated Bmp2/4-Ŭ.  

 

 

Figure 27. Phylogenetic tree of the Bmp2/4/16 subgroup. 
This ML phylogenetic tree shows the relationships within the Bmp2/4/16 
subgroup. Tree inference is based on the LG + F + ũ4

 (shape parameter of 
gamma distribution Ŭ = 0.93) and an alignment of 208 amino acids. It should be 
noted that the Bmp16 group of genes, as well as cyclostome genes, are 
characterized by longer branch lengths compared to Bmp2 and -4 genes. 
Support values at nodes are shown in order, bootstrap probabilities in the ML 
analysis and in the NJ analysis. See S-Table 18 for accession IDs of included 
sequences. 
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Table 2. Statistical support for alternative tree topologies for relationships 
among vertebrate Bmp2/4/16 genes. 

Tree topology 
ȹlogL Ñ 

SE 
ȹlogL/S

E 

(Out, (Bmp4, ((Bmp2, (tel16, Ano16)), ((Eb, PmA), PmB+C)))) ML 0.00 

(Out, ((tel16, Ano16), ((Bmp4, Bmp2), ((Eb, PmA), PmB+C)))) 
0.17 ± 
5.79 

0.03 

(Out, ((tel16, Ano16), (Bmp4, (Bmp2, ((Eb, PmA), PmB+C))))) 
0.65 ± 
4.76 

0.14 

(Out, ((tel16, Ano16), ((Bmp4, Bmp2), (PmA, (Eb, PmB+C))))) 
1.79 ± 
6.38 

0.28 

(Out, ((tel16, Ano16), ((Bmp4, Bmp2), (Eb,( PmA, PmB+C))))) 
2.07 ± 
6.27 

0.33 

(Out, ((Bmp4, (Bmp2, (tel16, Ano16))), ((Eb, PmA), PmB+C))) 
1.12 ± 
2.99 

0.37 

(Out, ((tel16, Ano16), (Bmp2, (Bmp4, ((Eb, PmA), PmB+C))))) 
1.98 ± 
5.01 

0.40 

(Out, ((tel16, Ano16), (Bmp4, (Bmp2, (PmA), (Eb, PmB+C)))))) 
2.30 ± 
5.67 

0.41 

(Out, (Bmp4, ((Bmp2, (tel16, Ano16)), (PmA, (Eb, PmB+C))))) 
1.43 ± 
2.98 

0.48 

All tree topologies are sorted by ȹlogL/SE. Shown are tree topologies with a 
ȹlogL/SE below 0.5. Abbreviations: Ano16, A. carolinensis Bmp16; tel16, 
teleost bmp16; Bmp2, gnathostome Bmp2; Bmp4, gnathostome Bmp4; Eb, 
Eptatretus burgeri Bmp2/4-Ŭ; PmA, P. marinus Bmp2/4-A; PmB+C, P. marinus 
Bmp2/4-B and -C; Out, outgroup; SE, standard error of ȹlogL; 

 

Molecular phylogenetic analyses and structural properites of Bmp16 

genes 

Our molecular phylogenetic analysis of the Bmp2/4/16 subgroup of genes 

confirmed monophyly of gnathostome Bmp2 (29/28), Bmp4 (93/98) and Bmp16 

(100/100) genes (all support values are shown in order, bootstrap probabilities 

in the ML and in the NJ analysis; Figure 27). The three sea lamprey Bmp2/4 

genes and the newly identified inshore hagfish gene, Bmp2/4-Ŭ, were placed in 

one group (45/55). Within this group, sea lamprey Bmp2/4-A and inshore 

hagfish Bmp2/4-Ŭ were most closely related (83/78). This suggests a possible 

orthology between sea lamprey Bmp2/4-A and inshore hagfish Bmp2/4-Ŭ. In 
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addition, our heuristic tree search weakly supported the orthology between the 

cyclostome group of genes and gnathostome Bmp16 genes (67/61). An 

exhaustive phylogenetic analysis of this dataset, grouped into eight OTUs, 

clearly supported the monophyly of all four cyclostome genes and of all 

gnathostome Bmp16 genes, respectively (Table 2). 

It was evident from the phylogenetic tree (Figure 27) that gnathostome 

Bmp16 genes are characterized by longer branch length compared to those of 

Bmp2 and -4. Because of this asymmetric branch length, we estimated the 

evolutionary rates of bmp2, -4 and -16 genes among stickleback and Fugu as 

representatives of teleosts. Comparison of the average nonsynonymous to 

synonymous rate ratio (ɤ) suggested that the evolutionary rate in this pair of 

percomorphs is approximately 4.5 and 2.5 times higher in bmp16 genes 

compared to bmp2 and bmp4 genes, respectively (Table 3). 

 

Table 3. Estimation of differences in evolutionary rates between bmp2, -4 and -
16 genes in teleosts. 

stickleback : Tetraodon gene pair (dN/NdN)a (dS/SdS)b ɤ = dN/dS 

bmp2 0.035 1.157 0.030 

bmp4 0.029 0.616 0.047 

bmp16 0.104 0.771 0.135 

aestimated number of nonsynonymous substitutions per nonsynonymous site 
bestimated number of synonymous substitutions per synonymous site 
 

The phylogenetic analysis focusing on Bmp16 genes resulted in a gene 

tree that is largely concordant with the currently accepted gnathostome 

phylogeny (Figure 28A). We recovered monophyly for both tetrapod and 

actinopterygian Bmp16 genes (94/98 and 98/89, respectively) with L. 

chalumnae and L. platyrhinchus, respectively, being the earliest branching taxa. 

However, the inferred relationships among teleost bmp16 genes do not reflect 

the expected species phylogeny (Near et al. 2012). We inferred the presumed 

absences of Bmp16 genes from vertebrate lineages by mapping the identified 

Bmp16 genes onto the vertebrate species phylogeny (Figure 28B). This 
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revealed putative secondary gene losses in mammals, amphibians, and the 

lineage leading to archosauria and turtles (Figure 28B).  

 

 
Figure 28. Phylogenetic tree of jawed vertebrate Bmp16 genes and alignment 
of their deduced amino acid sequences. 
(A) Phylogenetic tree based on the ML method assuming the K2 + G model 
(Kimura 1980; shape parameter of gamma distribution Ŭ = 0.40). Sequence 
alignment consisted of 269 base pairs. Support values at nodes are shown in 
order, bootstrap probabilities in the ML analysis and in the NJ analysis. See S-
Table 18 for accession IDs of included sequences. (B) Presences and 
presumed absences of Bmp16 genes in major vertebrate lineages. Inferred 
secondary gene losses are indicated in the species tree with red crosses. 
Question marks denote the level of uncertainty. The phylogenetic position of 
turtles is based on (Zardoya, Meyer 1998a; Rest et al. 2003; Iwabe et al. 2005; 
Chiari et al. 2012; Crawford et al. 2012a). (C) Conservation of the two 
proteolytic cleavage sites S1 and S2. The minimal motif Arg-X-X-Arg is 
conserved in all BMP2/4/16 proteins, except for a few BMP16 proteins. The 
conservation level of the cleavage sites was visualized using the software 
WebLogo (URL: http://weblogo.berkeley.edu; Crooks et al. 2004). (D) Alignment 
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of the C-terminus of diverse BMP16 and human BMP2 and -4 proteins. 
Cysteine residues that are involved in the formation of the cysteine-knot motif 
are shown in bold. This amino acid site is conserved throughout the alignment, 
except for A. carolinensis BMP16 whose fourth cysteine is substituted by a 
serine. 
 

We examined the amino acid alignment containing all Bmp16 proteins for 

sites essential for cysteine-knot formation. These seven cysteine residues at the 

carboxy-terminus of the protein were described for all Bmp proteins (McDonald, 

Hendrickson 1993; Griffith et al. 1996) and are also generally conserved in 

Bmp16 proteins (Figure 28D). The only exception is the green anole Bmp16 

protein in which the fourth of the seven cysteines is substituted by a serine 

residue (Figure 28D). The described motif Arg-X-X-Arg of proteolytic cleavage 

sites S1 and S2 is largely conserved in deduced amino acid sequences of 

gnathostome Bmp2/4/16 genes (Figure 28C). However, the level of 

conservation is lower in Bmp16, in particular in the S1 motif, possibly indicating 

a lower predisposition to cleavage of this motif (Figure 28C). 

 

Scale of secondary Bmp16 loss in the mammals, amphibians and the 

lineage leading to archosauria and turtles 

Our exhaustive database mining suggested the three independent secondary 

Bmp16 losses. We searched for genomic regions in a mammal (human), an 

archosaur (chicken) and an amphibian (Xenopus tropicalis) that are orthologous 

to the 1 Mb Bmp16-flanking region of the green anole. This genomic region in 

the green anole contains 17 protein-coding genes plus seven genes that are 

tandem duplicates of two ancestral genes (S-Table 22). All tandem arrays of 

genes are considered as one unit in this analysis to simplify matters, and this 

results in 19 genes in the focal region of the green anole. We found that 13 of 

these genes have orthologs in the human genome on chromosome 19, while 

the remaining six have no human ortholog (Figure 29A and S-Table 22). This 

dense pattern of gene-by-gene orthology between the Bmp16-flanking region in 

anole and the human genome suggests a small-scale gene loss of Bmp16 in 

the mammalian lineage. In contrast, only one of the 19 Bmp16-flanking genes 

of the anole genome has an ortholog in the chicken genome (S-Table 22). This 
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low level of conservation is either caused by a large-scale chromosomal 

deletion, or itôs an artifact resulting from incomplete sequence information. Our 

search in the amphibian X. tropicalis did not unambiguously identify one 

genomic region formerly containing Bmp16. However, we found that 14 of the 

19 genes in the focal region of the green anole have orthologs in X. tropicalis 

that are scattered across the genome (S-Table 22). This is best explained by 

secondary rearrangements of genomic regions that complicate a clear-cut 

synteny analysis. However, the existence of Bmp16-flanking orthologs in the X. 

tropicalis genome suggests a small-scale gene loss. 

 

Are Bmp2, -4 and -16 derived from the 2R-WGD? 

The positions of cyclostome genes in a gene tree are crucial to infer the 

sequence of speciations and duplications in early vertebrate evolution. To test if 

the Bmp2/4/16 subgroup of genes diversified in the 2R-WGD, we employed a 

synteny analysis of bmp2b, -4 and -16 containing chromosomal regions in the 

stickleback genome. Because of incomplete sequence information of 

Bmp2/4/16 neighboring regions in non-teleosts, this analysis was only feasible 

in teleosts that experienced additional genome duplication, the TSGD. The 

stickleback did not retain any bmp2/4/16 duplicate derived from the TSGD, 

which facilitated this synteny analysis. We found eight pairs and three triplets of 

paralogs shared between these three genomic region containing bmp2b, -4 and 

-16 (Figure 29B and C). This gene-by-gene paralogy between the three 10 Mb 

chromosomal regions indicates their origin in a large-scale duplication. By 

investigating the timing of duplications of the neighboring gene families in 

Ensembl óGene Treeô, we found that these genomic regions triplicated after the 

split of cephalochordates and tunicates, and before the radiation of vertebrates. 

This suggests that the large-scale duplications giving rise to bmp2b, -4 and -16 

containing chromosomal regions coincided with the 2R-WDG occurring at the 

base of vertebrate evolution. 
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Figure 29. Inter-genomic relationships between the Bmp16-containing region in 
the green anole and the human genome and intra-genomic synteny between 
regions containing bmp2b, -4 and -16 genes in the stickleback genome. 
(A) Synteny between the Bmp16-containing genomic region in the green anole 
and orthologous regions in the human genome. The left part shows the linkage 
group ôfô of the green anole and the 1 Mb region flanking the Bmp16 gene (red 
bar) is highlighted in blue. Magnifications of this focal region are shown on to its 
right side. Diagonal grey lines indicate gene-by-gene orthology between 
stickleback and human.The stickleback-human comparison reveals a dense 
pattern of conserved synteny suggesting a small-scale deletion of the Bmp16-
containing region in the lineage leading to human. For details about genomic 
locations, see S-Table 22. (B) Overview of stickleback chromosomes containing 
bmp2b, -4 and -16 genes. 10 Mb regions (at the largest) flanking the three 
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genes are highlighted in blue and B shows these regions as magnifications. (C) 
Paralogous relationships of bmp2b/4/16-neighboring genes. Gene-by-gene 
paralogy between the three chromosomal regions are indicated with grey lines.  

 

Gene expression analysis of Bmp2/4/16 genes in chondrichthyans and a 

reptile 

Our analyses focused on Bmp16 expression patterns in the small-spotted 

catshark S. canicula and the green anole A. carolinensis. No expression signal 

of Bmp16 was detected in S. canicula. However, we identified positive 

expression signals of S. canicula Bmp2 and -4 (S-Figure 9), and therefore, S. 

canicula Bmp16 possibly lost its developmental roles. In contrast, we observed 

several expression domains of A. carolinensis Bmp16. We found that Bmp16 

was expressed in an embryo at stage 4.5 in the developing limb buds, the nasal 

placode, the ventral region of the tail and the gut (Figure 30). 

 The expression pattern analyses of Bmp2 and -4 in chondrichthyans (S. 

canicula and R. clavata) and the reptile A. carolinensis revealed conserved 

expression signals: Bmp2 and -4 transcripts were consistently detected in limb 

buds, otic vesicle and developing heart and retina (S-Figure 9). The only 

exception is the chondrichthyan otic vesicle in which we did not find any Bmp2 

expression (S-Figure 9).  

 

 
Figure 30. Whole-mount in situ hybridization of A. carolinensis Bmp16. 
(A) shows an overview of Bmp16 expression in an embryo at stage 4.5 of A. 
carolinensis, and (B-F) are magnifications of embryo shown in (A). (B, C) 
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Bmp16 expression signal is found in anterior, posterior and proximal regions of 
the developing front limb. (D) Bmp16 transcript is located in the ventral portion 
of the outgrowing tail. (E) The nasal placode expresses Bmp16. (F) Expression 
signal is detected in the developing gut. Arrows indicate positive Bmp16 
expression signals. Scale bars: 1 mm in A, E and F; 0.5 mm in B-D. 

 

 
Figure 31. Morpholino knockdown of zebrafish bmp16. 
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(A) Overview of the zebrafish bmp16 gene structure. Upper scheme shows the 
binding site of MOs (green bars) employed in this study relative to the three 
bmp16 exons. Bmp16-MO-trans is complementary to the region containing the 
start codon (red bar), and bmp16-MO-splice was designed to target the splice-
donor site of the second exon. The latter MO results in a transcript lacking the 
start codon-containing exon 2. (B-G) Phenotype of zebrafish embryos injected 
with bmp16-MO. bmp16-MO-trans (B) and water (control; C) injected embryos 
at 24 hpf are shown. Expression patterns of the mesoderm inducer gene ntl in 
embryos at 24 hpf that were injected with bmp16-MO-trans (23 ng; D), bmp16-
MO-splice (17 ng; F) and water (E and G). Scale bars: 100 µm in B-G. 

 

Phenotype of bmp16 knockdown in zebrafish 

Embryos injected with either bmp16-MO-trans or -splice showed defects in 

tailbud outgrowth with a dorsalized phenotype (Figure 31, S2 and S3), but no 

additional developmental anomalies were observed. The phenotype in the 

tailbud outgrowth was only observed in embryos injected with high amounts of 

MO (> 60 ng). During later stages of development, the impaired tailbud 

outgrowth led to a curly tail (S-Figure 11). In situ hybridizations with the 

mesoderm inducer gene ntl revealed a shift of mesodermal tissue towards a 

more dorsal location (Figure 31D and F) compared to control-injected embryos 

(Figure 31E and G). This pattern was consistently observed in embryos injected 

with bmp16-MO-trans and -splice. Expression pattern analysis of the neural 

marker gene Sox2 in embryos injected with bmp16-MO revealed that also the 

neural cell lineage is affected by the bmp16 knockdown (S-Figure 10). 

 

Discussion 

 

The Bmp2/4/16 gene repertoire in vertebrates 

Identification of Bmp16 genes was hitherto confined to teleosts (Feiner et al. 

2009; Luckenbach, Dickey, Swanson 2011). Our database mining combined 

with RT-PCR screens identified Bmp16 genes in chondrichthyans (S. canicula 

and S. torazame), a coelacanth (L. chalumnae), reptiles (A. carolinensis and 

Python molurus) and a basal actinopterygian (the spotted gar L. oculatus; 

Figure 28A). The inferred pattern of phylogenetic distribution (Figure 28B) 

provides a high resolution of the vertebrate Bmp16 gene repertoire. A previous 
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study, based on less information, suggested a secondary gene loss in the 

lineage leading to tetrapods (Feiner et al. 2009). Our survey based on 

increased sequence resources in public databases narrowed down the timing of 

the gene loss and suggests its more recent loss in the mammalian lineage. The 

presumed absences of Bmp16 genes in amphibians and non-sauropsidian 

reptiles should be taken with caution. Only sparse sequence information is 

available for these taxa and future sequencing of species not covered so far 

might identify Bmp16 orthologs in these lineages. By performing a comparative 

genomics approach, we revealed that the secondary gene loss in the 

mammalian lineage is caused by a single-gene deletion (Figure 29A). The 

nonidentification of a region in chicken that is orthologous to the stickleback 

bmp16-containing region (Figure 29A) might indicate a deletion of a major part 

of the chromosome in the avian lineage. Alternatively, this might be the mere 

result of incomplete sequence information in the Ensembl database because of 

the exclusion of microchromosomes (ICGSC 2004; Douaud et al. 2008). 

Our efforts to identify full-length Bmp16 cDNA sequences of the 

chondrichthyans S. canicula and S. torazame resulted in truncated fragments 

that encode ~100 amino acid residues of the C-terminus. The truncation is not 

at identical positions between the two species and does not correspond to an 

exon-intron boundary. Even though it is unusual that the isolation of upstream 

regions of both chondrichthyan Bmp16 cDNAs did not succeed, a 

methodological artifact is a more likely explanation for this truncation than any 

biological relevance. 

 

Origin and diversification of Bmp2/4/16 genes 

A previous study addressed the question about the origin of the Bmp2/4/16 

group of genes in a phylogenetic framework (Feiner et al. 2009). Although 

addressing the question about the timing of Bmp2/4/16 diversification with a 

phylogenetic analysis was shown to be challenging, we revisited this question 

with an enlarged dataset. Our updated dataset included a broader selection of 

Bmp16 genes and an additional cyclostome Bmp2/4 gene, namely Bmp2/4-Ŭ of 

the inshore hagfish (Figure 27). Our analysis recovered monophyly of individual 
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Bmp2, -4 and -16 subgroups and also cyclostome Bmp2/4 genes. Within 

cyclostome genes, the orthology of the Japanese lamprey Bmp2/4-A to the 

inshore hagfish Bmp2/4-Ŭ gene was suggested. Establishment of orthologies 

between individual cyclostome Bmp2/4 genes and gnathostome Bmp2/4/16 

subgroups is not straightforward because of generally low support values of the 

corresponding deep nodes of the tree (Figure 27). Thus, our phylogenetic 

analysis (Figure 27) does not allow an unambiguous interpretation of the 

timings of duplications giving rise to individual Bmp2/4/16 subgroups relative to 

the gnathostome-cyclostome split. The general problem of unresolved 

orthologies of cyclostome genes to vertebrate counterparts was recognized 

before (Qiu et al. 2011) and has been described specifically for the Bmp2/4/16 

group of genes (Feiner et al. 2009). 

A striking feature of the phylogenetic tree of the Bmp2/4/16 subgroups 

(Figure 27) is the increased branch length of the Bmp16 group of genes 

compared to those of Bmp2 and -4 (~3.5 times). Our estimation of evolutionary 

rates between teleost bmp2, -4 and -16 gene pairs revealed that this is not 

caused by an increased mutation rate of the bmp16 locus, as described for 

teleost Hoxa13A gene (Crow et al. 2009). The increased evolutionary rate of 

bmp16 was rather caused by divergent selection pressures acting on bmp2 and 

-4 compared to bmp16 genes. 

To circumvent difficulties in orthology assignments (see above), we 

addressed the question about the timing of the diversification of Bmp2/4/16 with 

a synteny analysis. Genome-wide synteny analyses were shown to be an 

adequate tool to detect traces of whole genome duplications (Dehal, Boore 

2005; Kasahara 2007; Putnam et al. 2008). Our identification of three syntenic 

region containing bmp2b, -4 and -16 in the stickleback genome is evidence for 

their origin in a large-scale duplication event. By analyzing duplication patterns 

of neighboring gene families we confirmed that the duplication event creating 

the chromosomal triplet coincides with the 2R-WGD early in vertebrate 

evolution (Kuraku, Meyer, Kuratani 2009). 
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Functional diversification among Bmp2/4/16 genes 

Our expression profiling of Bmp2 and -4 genes in chondrichthyans (the 

thornback ray and the small-spotted catshark) and a reptile (the green anole) 

revealed conserved expression patterns (S-Figure 9), except for the 

nonidentification of Bmp2 transcripts in the chondrichthyans otic vesicle, 

agreeing with previous reports in other vertebrates (Jones, Lyons, Hogan 1991; 

Bitgood, McMahon 1995; Clement et al. 1995; Hemmati-Brivanlou, Thomsen 

1995; Martinez-Barbera et al. 1997; Beck, Whitman, Slack 2001). Because of a 

restricted selection of stages, our survey of Bmp2 and -4 expression patterns is 

not complete. Therefore, we do not address possible losses of Bmp2 and -4 

expression domains in chondrichthyans and reptiles. This high level of 

conversation is in stark contrast to major differences between Bmp16 

expression patterns in S. canicula, A. carolinensis (Figure 30) and the zebrafish 

(Feiner et al. 2009). While the shark Bmp16 gene possibly lost all embryonic 

expression domains, the green anole and the zebrafish gained distinct 

expression patterns. Although comparison between expression patterns in two 

species with different body plans and developmental dynamics is not straight 

forward, we observed remarkable differences. Both genes are expressed in 

fin/limb buds and gut epithelium, while only zebrafish bmp16 is expressed in the 

median fin fold, the heart and swim bladder and only the green anole Bmp16 is 

expressed in the nasal pit and the ventral part of the tail. This plastic evolution 

likely reflects the elevated evolutionary rate of Bmp16 genes compared to Bmp2 

and -4 genes (Figure 27) 

 

Phenotype of zebrafish bmp16 knockdown 

We performed morpholino knockdown experiments targeting bmp16 in 

zebrafish to disentangle a possible redundancy among bmp16 and related 

genes. The MO knockdown revealed that its paralogs seem to compensate for 

an impeded bmp16 gene in all expression domains (heart, swim bladder, 

median fin fold, fin buds, gut epithelium), except for the tail bud. This suggests a 

unique role of zebrafish bmp16 in the tailbud outgrowth that cannot be 

compensated by other TGF-ɓ genes co-expressed in the same domain. 
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Perspective 

Here we present a detailed case study of the vertebrate Bmp2/4/16 subfamily 

integrating comparative genomics, molecular phylogenetic and developmental 

insights. In particular, expression patterns of the Bmp16 gene in the 

chondrichthyan and reptilian lineages are a valuable addition to the previous 

information on its expression profiles in teleosts. This comparative framework 

revealed the high level of evolutionary plasticity in Bmp16 functions. This, 

together with the mosaic taxonomic distribution of Bmp16, is in stark contrast to 

the high level of conservation of Bmp2 and -4. The emerging pattern of gene 

family evolution, revealed in this case study and also reported in other gene 

families (Powers, Amemiya 2004; Manousaki et al. 2011), describes a 

discrepancy between two gene categories. One contains highly conserved 

genes that are vital for vertebrates per se, and another category of genes that 

tend to be frequently lost during evolution and are dispensable for many 

aspects of development, at least to a certain extent.  
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 General conclusions 

 

One of the most central questions in biology is how the great biodiversity on our 

planet arose. This question can be addressed in many different ways, and I am 

most interested in finding answers by looking at vertebrate genome evolution. 

How did the genome of the vertebrate ancestor change over time to produce 

such divergent phenotypes as a predatory shark, a giant elephant, a poisonous 

snake or a human being? My thesis addresses this question about our roots by 

reconstructing the evolutionary history of the vertebrate genome. I revealed 

dynamics that shaped the genetic differences by comparing the genomes of 

representatives of major vertebrate classes on the gene family level. This thesis 

compiles detailed insights into the evolution of four gene families that contain 

key developmental regulators ï both transcription factors and signaling 

proteins. A key event in vertebrate evolution was the quadruplication of their 

genetic information before their radiation. The current model predicts that a 

gene is freed from selection pressure upon duplication and can accumulate 

mutations. These changes finally lead to the complete loss of one duplicate, 

acquisition of new functions or partitioning of the original functions among 

duplicates. My findings emphasize a recurrent pattern of the evolution of 

vertebrate gene repertoires that was traditionally not considered as source of 

evolution: duplicates that are retained in the initial phase after the 2R-WGD, but 

are differentially lost later during evolution after the divergence of major 

vertebrate classes. These groups of genes contribute to the lineage-specific 

gene repertoire and might be responsible for some of their phenotypic 

differences.  

In order to gain a comprehensive understanding of the evolution of each 

individual gene family, a wide variety of approaches was used. Robust 

phylogenies are the prerequisite for the reconstruction of evolutionary histories 

of gene families. In my studies, I used a modern methodological framework of 

molecular phylogenetics that takes into account the probabilities of alternative 

tree topologies. Using this approach, the reliability of inferred events such as 
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gen(om)e duplications or gene losses and orthology/paralogy relationships can 

be estimated and statistically evaluated. This allows a more robust solution of 

challenging phylogenetic questions than traditional heuristic tree inferences. 

Examples are the phylogenetic relationships between the amphioxus Hox14 

gene and vertebrate Hox14 genes or between the Drosophila eyeless gene and 

vertebrate Pax4/6/10 genes. My exhaustive phylogenetic analyses revealed 

that orthology between amphioxus Hox14 and vertebrate Hox14 is highly 

unlikely (Chapter I, Figure 6, S-Table 2), while Pax4, -6 and -10 are co-

orthologs of the Drosophila eyeless gene (Chapter II, Figure 9, Table 1; Chapter 

III, Figure 14).  

A second approach that turned out to be of great value is the analysis of 

the genomic environments of the genes in focus. I used these synteny analyses 

for two different purposes. One was to search for traces that reflect an origin of 

the involved chromosomal regions in a large-scale duplication by comparing 

neighboring genes of paralogs within one genome. Phylogenetic analyses of 

gene families contained in the respective regions provide further clues about 

the timing of duplication(s). Using this approach, I was able to prove that 

Pax4/Pax6/Pax10 (Chapter II, Figure 10; Chapter III, Figure 15), 

Bmp2/Bmp4/Bmp16 (Chaper V, Figure 29) and ENC1/ENC2/ENC3 (Chapter IV, 

Figure 22) are remnants of the initial gene quartet generated by the 2R-WGD 

occurring at the base of vertebrate evolution. The lack of a fourth subtype in all 

three gene families presumably indicates that it was lost before the major 

vertebrate radiations. It is also possible that orthologs of these forth subtypes 

were retained in the genomes of cyclostomes. A confirmation of this possibility 

is challenging because it was shown by a previous study that assigning 

orthologies between cyclostomes and jawed vertebrates is difficult by means of 

phylogenetics (Qiu et al. 2011) and syntenic analyses (Kuraku 2013). The 

second purpose of the applied synteny analyses was to infer the mode of 

secondary gene loss. This was achieved by comparing gene location 

correspondence between the genomic region containing the gene in question 

and a genome that lacks this gene. If we find a similar array of orthologs 

surrounding the focal gene, then the secondary gene loss can only have 
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affected a limited region, but not a major part of the chromosome. This was 

what I found by analyzing the gene location correspondence between the 

chicken genomic region containing ENC3 (Chapter IV, Figure 21) and the anole 

genomic region containing Bmp16 (Chapter V, Figure 29) to the human 

genome, and the green anole genomic region containing Pax10 to the human 

and the opossum genome (Chapter III, Figure 16). These analyses revealed 

that the absence of ENC3, Bmp16 and Pax10 from the mammalian (eutherian 

in the case of ENC3) lineage was caused by small-scale gene losses involving 

at most three genes (Chapter V, Figure 29, S-Table 22). 

 Only the deluge of sequence information in this post-genomic era paved 

the way for the advances presented in this thesis. Fast-growing sequence 

resources allow us to constantly refine our knowledge of gene repertoire 

evolution. The first study reporting the Bmp16 gene suggested a putative 

absence of this gene in all tetrapods (Feiner et al. 2009). A similar search of 

publicly available sequence resources, but conducted three years later, 

revealed the presence of this gene also in chondrichthyans (small-spotted and 

cloudy catsharks), the coelacanth and reptiles (the green anole and the 

Burmese python; Chapter V, Figure 27 and Figure 28B). This discovery 

narrowed the taxonomic range of tetrapod species that lack Bmp16 to 

amphibians and mammals. Thus, we need to revise our initial assumption of a 

loss of Bmp16 at the base of tetrapod evolution to two independent and more 

recent gene losses occurring in the lineages leading to amphibians and 

mammals. Similarly, the taxonomic range of Pax4 genes was also refined with 

the occurrence of more sequence information. After this gene was traditionally 

known to be part of the mammalian gene repertoire, we identified orthologs in 

teleost fishes (Chapter II, Figure 9). A database mining conducted only one 

year later revealed Pax4 genes in the coelacanth and reptiles (American 

alligator and turtles; Chapter III, Figure 13 and Figure 14), except for the avian 

and the lepidosaurian lineages. This currently recognized mosaic pattern of the 

phylogenetic distribution of Pax4 indicates multiple independent gene deletions. 

The examples of Pax4 and Bmp16 demonstrate the great potential of how ever 

growing sequence resources can refine our knowledge of gene repertoires. In 
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particular, upcoming sequence data of species occupying key phylogenetic 

positions, such as cyclostomes, chondrichthyans and basal actinopterygians or 

sarcopterygians, will further provide a valuable resource. 

A profound knowledge of the function of differentially retained genes is 

required in order to understand the impact of their secondary deletion in 

vertebrate lineages. I took a gene knockdown approach to gain insights into the 

consequences of the absence of a functional bmp16 gene in zebrafish. 

Interestingly, the knockdown of this gene only affected the outgrowth of the 

tailbud (Chapter V, Figure 31), although many other expression domains were 

reported previously (e.g. swim bladder, heart, ectoderm of pectoral and median 

fin folds, gut epithelium and ovaries; Feiner et al. 2009; Luckenbach, Dickey, 

Swanson 2011). This suggests that other genes, presumably close relatives 

such as bmp2a, -2b or -4, compensate for the loss of bmp16 function in all 

expression domains, except for the developing tailbud. More detailed 

information on the exact roles of bmp16 in associated developmental pathways 

is needed to unravel possible redundancies between paralogs. It is a long way 

from identifying modifications in gene repertoires between vertebrate lineages 

and linking them to phenotypic differences, but detailed functional analyses of 

differentially retained genes are certainly a promising avenue of research. 

The striking example of the Pax10 gene demonstrates that the immense 

universe of sequences might hold many treasures, such as novel genes, 

waiting to be discovered and characterized. Also the identification of the 

vertebrate Hox14 gene (Powers, Amemiya 2004), member of arguably the best 

characterized gene family, as late as in 2004 foreshadows that our knowledge 

of vertebrate gene repertoires is far from being complete. However, once we 

have a robustly inferred core vertebrate gene repertoire, we will be able to trace 

the secondary modifications that characterize individual animal groups. 

Comparing these different sets of gene repertoires might also provide insights 

into factors contributing to phenotypic evolution and the processes that lead to 

biodiversity.
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Record of achievements 

 

Chapter I - Revisiting the origin of the vertebrate Hox14 by including its 

relict sarcopterygian members 

SK proposed the research project. RE provided tissue samples and assistance in 

expression pattern analyses. NF performed the experiments and analysed the data. 

SK and NF wrote the manuscript. All authors revised and contributed to the final 

version of the manuscript. 

 

Chapter II - Co-orthology of Pax4 and Pax6 to the fly eyeless gene: 

molecular phylogenetic, comparative genomic and embryological 

analyses 

SK proposed the research project. TM conducted the comparative genomic analyses. 

NF and GB analysed developmental expression patterns. TM and NF performed the 

molecular phylogenetic analyses. SK, TM and NF wrote the manuscript. All authors 

revised and contributed to the final version of the manuscript. 

 

Chapter III - A novel Pax4/6 relative, Pax10, reveals a cryptic pan-

vertebrate gene repertoire 

SK and NF conceived and designed the experiments. NF performed the experiments 

and analysed the data. NF wrote the manuscript. All authors revised and contributed 

to the final version of the manuscript. 

 

Chapter IV - Saltatory evolution of the ectodermal neural cortex (ENC) 

gene family at the vertebrate origin 

SK and NF conceived and designed the experiments. NF performed the experiments 

and analysed the data. YM helped in the interpretation of the gene expression data. 

LB assisted in data collection. SM provided shark embryos. NF wrote the manuscript. 

All authors revised and contributed to the final version of the manuscript. 
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Chapter V - Evolutionary plasticity - rapid and divergent evolution of 

Bmp16 compared to its sister genes Bmp2 and Bmp4 

SK and NF conceived and designed the experiments. NF performed the experiments 

and analysed the data. NF and GB conducted gene knockdown experiments. NF 

wrote the manuscript. All authors revised and contributed to the final version of the 

manuscript. 
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Supplementary material 
 
S-Table 1. Sequences included in molecular phylogenetic analyses. 

Species Gene Accession ID 

Homo sapiens HoxA9 AAH06537.1 

Homo sapiens HoxB9 AAG42144.1 

Homo sapiens HoxC9 AAH53894.1 

Homo sapiens HoxD9 AAH44855.2 

Homo sapiens HoxA10 AAB96917.1 

Homo sapiens HoxC10 AAH01293.1 

Homo sapiens HoxD10 AAH69619.1 

Homo sapiens HoxA11 AAB94761.1 

Homo sapiens HoxC11 AAH01543.1 

Homo sapiens HoxD11 NP_067015.2 

Homo sapiens HoxC12 AAK16717.1 

Homo sapiens HoxD12 NP_067016.2 

Homo sapiens HoxA13 AAC50993.1 

Homo sapiens HoxB13 AAH07092.1 

Homo sapiens HoxC13 AAF67760.1 

Homo sapiens HoxD13 AAC51635.1 

Latimeria menadoensis HoxA14 AC147788  

Neoceratodus forsteri HoxA14 FR751091 

Callorhinchus milii HoxD14 AAVX01013860.1  

Heterodontus francisci HoxD14 AF224263 

Scyliorhinus canicula HoxD14 CBL59356.1 

Lethenteron japonicum LjHox14Ŭ AB293599.1 

Branchiostoma floridae Hox9 CAA84521.1 

Branchiostoma floridae Hox10 CAA84522.1 

Branchiostoma floridae Hox11 AF276811 

Branchiostoma floridae Hox12 AF276813 

Branchiostoma floridae Hox13 AF276815 

Branchiostoma floridae Hox14 AF276816 

Branchiostoma floridae Hox15 (Holland et al. 2008) 

Drosophila melanogaster Abd-B (isoform A) NP_650577.1 

Priapulus caudatus Abd-B AAD40649.1 

Euprymna scolopes Post2 AAL25812.1 

Neanthes virens Post2 AAD46176.2 

 

 

S-Table 2. Statistical supports for alternative hypotheses of relationships among 
vertebrate and amphioxus posterior Hox genes. 

Tree topology Supported scenario logL 
RELL 

BP 

P value 

AU SH 

Figure 5C - -1462.65 0.74 0.88 0.98 

S-Figure 1C  Thomas-Chollier et al., 2010 -1467.73 0.22 0.28 0.64 
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S-Figure 1D  Holland et al., 2008 -1472.86 0.03 0.05 0.38 

S-Figure 1A Hypothesis A (Fig. 5A) -1492.62 <0.01 <0.01 0.02 

S-Figure 1B Hypothesis B (Fig. 5B) -1494.81 <0.01 <0.02 0.03 

Abbreviations: logL, log-likelihood values; RELL BP, bootstrap probability based 
on resampling of estimated log-likelihood; AU, approximate unbiased test; SH, 
Shimodaira-Hasegawa test.  
 

 

S-Table 3. Statistical supports for the relationship of AmphiHox15 to vertebrate 
posterior Hox genes. 

Rank
a 

Tree topology logL 
RELL 

BP 

P value 

AU SH 

1 (o,(h9,(h10,(h11,(h12,(v14,(h13,am15))))))) -1193.10 0.13 0.88 1.00 

2 (o,((h9,h10),(h11,(h12,(v14,(h13,am15)))))) -1193.29 0.07 0.88 1.00 

3 (o,(h9,(h10,(h11,(v14,(h12,(h13,am15))))))) -1193.88 0.03 0.74 0.99 

4 (o,(h9,(h10,(h11,((h12,v14),(h13,am15)))))) -1193.90 0.02 0.44 0.99 

5 (o,((h9,h10),(h11,(v14,(h12,(h13,am15)))))) -1193.91 0.04 0.78 0.99 

6 (o,((h9,h10),(h11,((h12,v14),(h13,am15))))) -1193.92 0.04 0.56 0.99 

7 (o,(((h9,h10),h11),(h12,(v14,(h13,am15))))) -1194.80 0.02 0.64 0.99 

8 (o,(h11,((h9,h10),(h12,(v14,(h13,am15)))))) -1194.80 0.01 0.67 0.99 

9 (o,(h10,(h9,(h11,(h12,(v14,(h13,am15))))))) -1195.37 <0.01 0.25 0.98 

10 (o,(h9,(h11,(h10,(h12,(v14,(h13,am15))))))) -1195.42 0.03 0.58 0.97 

11 (o,(h9,((h10,h11),(h12,(v14,(h13,am15)))))) -1195.42 <0.01 0.36 0.97 

12 (o,(((h9,h10),h11),(v14,(h12,(h13,am15))))) -1195.50 0.01 0.42 0.98 

13 (o,(((h9,h10),h11),((h12,v14),(h13,am15)))) -1195.50 <0.01 0.42 0.98 

14 (o,(h11,((h9,h10),(v14,(h12,(h13,am15)))))) -1195.50 <0.01 0.38 0.98 

15 (o,(h11,((h9,h10),((h12,v14),(h13,am15))))) -1195.50 <0.01 0.31 0.98 

16 (o,(h10,(h9,(h11,(v14,(h12,(h13,am15))))))) -1195.90 <0.01 0.35 0.96 

17 (o,(h10,(h9,(h11,((h12,v14),(h13,am15)))))) -1195.92 <0.01 0.16 0.96 

18 (o,(h9,(h10,(h11,(h12,(h13,(v14,am15))))))) -1195.97 0.01 0.50 0.95 

19 (o,(h9,(h10,(h11,(h12,((h13,v14),am15)))))) -1195.97 0.02 0.45 0.95 

20 (o,((h9,(h10,h11)),(h12,(v14,(h13,am15))))) -1195.99 <0.01 0.53 0.98 

aAll 10,395 possible tree topologies were sorted by logL. Abbreviations: h, 
human Hox gene; v14, vertebrate Hox14; am15, AmphiHox15; logL, log-
likelihood values; RELL BP, bootstrap probability based on resampling of 
estimated log-likelihood; AU, approximate unbiased test; SH, Shimodaira-
Hasegawa test. 
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S-Figure 1. Schematic view of the tree topologies under four alternative 
hypotheses. 
(A) The ML tree topology under hypothesis A. This assumes tandem gene 
duplications of the posterior Hox genes independently in both cephalochordate 
and vertebrate lineages. (B) The ML tree topology under hypothesis B. This 
assumes that each amphioxus posterior Hox gene, except AmphiHox15 is 
orthologous to a vertebrate PG occupying the same relative location in a Hox 
cluster. See Figure 5A, 5B and Results for details of hypotheses A and B. (C) 
The tree topology based on Thomas-Chollier et al. (2010). (D) The tree topology 
based on Holland et al. (2008). In C and D, note that we extracted relationships 
between only relevant sequences (namely, vertebrate Hox14, human Hox9-13 
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and amphioxus Hox9-15) from the tree topologies obtained by Holland et al. 
(2008) and Thomas-Chollier et al. (2010) to adapt to our dataset. 
 
S-Table 4. Accession IDs of the sequences included in molecular phylogenetic 
trees. 

Species Accession ID 

Homo sapiens ENSP00000344297
a
 (Pax4) 

Mus musculus ENSMUSP00000031718
a
 (Pax4) 

Equus caballus ENSECAP00000006440
a 

Ornithorhynchus anatinus ENSOANP00000001271
a 

Oryzias latipes ENSORLP00000019017
a
 (pax4) 

Gasterosteus aculeatus ENSGACP00000026154
a
 (pax4) 

Takifugu rubripes ENSTRUP00000036852
a
 (pax4) 

Danio rerio FR727738 (pax4) 

Homo sapiens ENSP00000241001
a
 (Pax6) 

Mus musculus ENSMUSP00000106716
a
 (Pax6) 

Bos taurus ENSBTAP00000005994
a 

Monodelphis domestica ENSMODP00000034398
a 

Gallus gallus NP_990397
b 

Xenopus laevis AAB36681
b 

Danio rerio NP_571379
b
 (pax6a) 

Danio rerio CAM15106
b
 (pax6b) 

Gasterosteus aculeatus ENSGACT00000003258
a
 (pax6a) 

Gasterosteus aculeatus ENSGACT00000021195
a
 (pax6b) 

Takifugu rubripes ENSTRUP00000044510
a
 (pax6a) 

Takifugu rubripes ENSTRUP00000017029
a
 (pax6b) 

Lethenteron japonicum BAB62531
b 

Scyliorhinus canicula FR720088
b 

Ciona intestinalis ENSCINP00000013350
a
 (Pax6) 

Ciona savignyi ENSCSAVG00000007987
a 

Branchiostoma belcheri ABK54278
b 

Branchiostoma floridae CAA11364
b
 (AmphiPax6) 

Branchiostoma floridae CAA11366
b
 (AmphiPax6) 

Branchiostoma floridae CAA11367
b
 (AmphiPax6) 

Branchiostoma floridae CAA11368
b
 (AmphiPax6) 

Oikopleura dioica AAW24017
b 

Phallusia mammillata CAA71094
b 

Saccoglossus kowalevskii NP_001158383
b 

Paracentrotus lividus AAA75363
b 

Metacrinus rotundus ADE59459
b 

Apis mellifera XP_001120031
b
 (ey) 

Apis mellifera XP_394648
b
 (toy) 

Drosophila melanogaster FBpp0099809
a
 (ey) 

Drosophila melanogaster FBpp0088249
a
 (toy) 

Tribolium castaneum ABW23132
b
 (ey) 

Tribolium castaneum EFA02830
b
 (toy) 

Dugesia japonica BAA75672
b 

Daphnia pulex ABB43131
b 
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Platynereis dumerilii CAJ40659
b 

Lottia gigantea e_gw1.86.103.1
c 

Euprymna scolopes AAM74161
b 

Loligo opalescens AAB40616
b 

Helobdella sp. ABN09916
b 

Lineus sanguineus CAA64847
b 

Caenorhabditis elegans  NP_001024570.1 

Nematostella vectensis XP_001639151
b 

Homo sapiens ENSP00000343052
a
 (Pax3) 

Homo sapiens ENSP00000364524
a
 (Pax7) 

Drosophila melanogaster NP_523556
b
 (paired) 

Ciona intestinalis ENSCINP00000012175
a
 (Pax3/7) 

This dataset was used in the molecular phylogenetic trees in Figure 3. S-Figure 
4 employed sequences selected from this dataset (see text). When a species 
has more than one gene, gene names are indicated in parentheses.  
aSequence entries in Ensembl.  
bSequence entries in NCBI Protein.  
cSequences available in Joint Genome Institute (JGI; http://genome.jgi-
psf.org/Lotgi1/Lotgi1.download.ftp.html). Abbreviations: ey, eyeless; toy, twin of 
eyeless. 
 
 

S-Table 5. Result of maximum-likelihood analysis on Pax4/6 phylogeny. 

Tree topology logL 
P-value 

RELL BP 
AU SH 

(o,((((((m4,t4),am6),g6),Lj),tu6),pr)) -3233.12 0.75 0.98 0.20 

(o,(((((m4,t4),(g6,am6)),Lj),tu6),pr)) -3233.18 0.75 0.99 0.07 

(o,((((((m4,t4),g6),am6),Lj),tu6),pr)) -3233.18 0.75 0.99 0.03 

(o,((((((m4,t4),am6),Lj),g6),tu6),pr)) -3233.28 0.73 0.99 0.00 

(o,(((((m4,t4),am6),(g6,Lj)),tu6),pr)) -3233.28 0.73 0.99 0.07 

(o,((((((m4,t4),Lj),g6),am6),tu6),pr)) -3233.34 0.78 0.99 0.01 

(o,(((((m4,t4),g6),(Lj,am6)),tu6),pr)) -3233.34 0.78 0.99 0.00 

(o,((((m4,t4),(g6,(Lj,am6))),tu6),pr)) -3233.34 0.78 0.99 0.01 

(o,(((((m4,t4),(Lj,am6)),g6),tu6),pr)) -3233.34 0.78 0.99 0.00 

(o,((((((m4,t4),g6),Lj),am6),tu6),pr)) -3233.34 0.78 0.99 0.00 

(o,(((((m4,t4),Lj),(g6,am6)),tu6),pr)) -3233.34 0.78 0.99 0.01 

(o,((((m4,t4),((g6,am6),Lj)),tu6),pr)) -3233.34 0.78 0.99 0.00 

(o,((((((m4,t4),Lj),am6),g6),tu6),pr)) -3233.34 0.77 0.99 0.00 

(o,((((m4,t4),((g6,Lj),am6)),tu6),pr)) -3233.34 0.78 0.99 0.01 

(o,(((((m4,t4),(g6,Lj)),am6),tu6),pr)) -3233.34 0.78 0.99 0.00 

(o,(((m4,t4),(((g6,Lj),am6),tu6)),pr)) -3234.00 0.38 0.97 0.00 

(o,(((m4,t4),((g6,(Lj,am6)),tu6)),pr)) -3234.00 0.39 0.97 0.00 

(o,(((m4,t4),(((g6,am6),Lj),tu6)),pr)) -3234.00 0.38 0.97 0.00 

(o,((((m4,t4),tu6),((g6,Lj),am6)),pr)) -3234.00 0.38 0.97 0.00 
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(o,((((m4,t4),tu6),(g6,(Lj,am6))),pr)) -3234.00 0.39 0.97 0.00 

Statistical supports of the 20 best tree topologies are shown. Sequences were 
categorized into eight OTUs with constraints according to the generally 
accepted species phylogeny as follows: am6, amphioxus Pax6; g6, jawed 
vertebrate Pax6; Lj, lamprey (Lethenteron japonicum) Pax6; m4, mammalian 
Pax4; o, outgroup (putative Nematostella vectensis Pax6 ortholog, Ciona 
Pax3/7, fly paired, human Pax3 and human Pax7); pr, protostome Pax6; t4, 
teleost pax4; tu6, tunicate Pax6. See S-Table 4 for accession IDs of sequences 
in the data set. Abbreviations: AU, approximate unbiased test; RELL BP, 
bootstrap probability based on resampling of log likelihood; logL, log-likelihood 
value; SH, Shimodaira-Hasegawa test. 
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S-Table 6. Expression domains of Pax6 and Pax4 
A. Vertebrates 

Species Pax6 Pax4 Reference 

Mus musculus and  

Rattus norvegicus 

CNS, eye, pineal gland, pituitary,  

olfactory epithelium, pancreas 

Pancreas, pineal gland, retina Walther and Gruss 1991; Sosa-Pineda et al. 1997; 

Rath, Bailey, Kim, Coon et al. 2009; Rath, Bailey, Kim, 

Ho et al. 2009 

Monodelphis domesticaForebrain  -
a 

Cheung et al. 2010 

Gallus gallus CNS, eye, pineal gland, pituitary,  

olfactory epithelium, pancreas 

-
b 

Li et al. 1994; Turque et al. 1994; Kawakami et al. 

1997; Sjodal and Gunhaga 2008 

Xenopus laevis CNS, eye, olfactory epithelium, 

pancreas 

-
 b 

Hirsch and Harris 1997; Kelly and Melton 2000; 

Franco et al. 2001; Moreno et al. 2008 

Danio rerio pax6a: olfactory epithelium, CNS, 

eye, pineal gland 

 

Adolf et al. 2006; Kleinjan et al. 2008; Navratilova et 

al. 2009; and this study  pax6b: pancreas, CNS, eye, pineal 

glandStomodeum, pancreas 

 

 
Scyliorhinus canicula CNS, eye, pineal gland -

 b 
Derobert et al. 2002 

Lethenteron japonicum  

and Lampetra fluviatilis 

CNS, eye, pineal gland, olfactory 

epithelium 

-
 b 

Murakami et al. 2001; Derobert et al. 2002 

 

B. Invertebrates 

Species Pax6/eyeless   Reference 

Phallusia mammillata Spinal cord, brain vesicle including ocellus   Glardon et al. 1997 

Branchiostoma floridae Cerebral vesicle, frontal eye, lamellar body, Hatschekôs left 

diverticulum, olfactory epithelium 

Glardon et al. 1998 

Drosophila melanogaster ey: brain and ventral nerve cord, eye 

toy: brain and ventral nerve cord, eye
 

Halder et al. 1995;  

Czerny et al. 1999 



 SUPPLEMENTARY MATERIAL 

 

176 

aExpression pattern has not been reported yet.  
bNo ortholog has been identified. The ocellus of P. mammillata is the homolog of the vertebrate eye (Glardon et al. 1997). 
The cerebral vesicle, frontal eye, lamellar body and Hatschekôs left diverticulum of B. floridae are regarded as homologs of 
the vertebrate forebrain, eye, pineal gland and pituitary, respectively (Glardon et al. 1998). In D. melanogaster, the brain 
and ventral nerve cord are the presumptive homolog of the CNS in vertebrates (De Robertis and Sasai, 1996). 
Abbreviations: CNS, central nervous system; ey, eyeless; toy, twin of eyeless.
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S-Table 7. Chromosomal location of the human genes included in Figure 4. 

Chromosome Gene symbol
a 

Base position 

Start End 

1 Hipk1 114471814 114520426 

7 Pax4 127037582 127043218 

 Calu 128166653 128198763 

 Hipk2 138907915 139123984 

 Kiaa1549 138166666 138255110 

 Lrrc4 127454360 127458238 

 Creb3l2 137210265 137337386 

 Dgki 136724925 137182149 

 Agbl3 134321802 134451158 

11 Pax6 31766868 31796085 

 Rcn1 32069026 32083649 

 Hipk3 33235744 33332515 

 C11orf41 33520397 33652224 

 Lrrc4c 40092329 40272240 

 Creb3l1 46255804 46299546 

 Dgkz 46311031 46358677 

 Agbl2 47637721 47692878 

19 Rcn3 50030875 50046889 

 Lrrc4b 51020149 51071302 

aGene symbols are based on HUGO Gene Nomenclature Committee (HGNC) 
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S-Figure 2. Identification of the open reading frame of the zebrafish pax4 gene.  
The genomic sequence containing bases from position 19487876 to 19492916 on 
chromosome 4 of the assembly Zv8 was downloaded from Ensembl genome browser. 
Bases in non-coding regions are shown in blue. Putative start and stop codons, splice 
acceptor and donor sites are shown in bold. The amino acid sequence deduced from 
the coding sequences is shown in purple. 
 


























































