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420 Emerging Marine Model Organisms 

23.1	 INTRODUCTION TO 
CHONDRICHTHYES MODELS 

23.1.1 PHYLOGENY 

Chondrichthyes (cartilaginous fish) belong to gnathos

tomes (jawed vertebrates) and constitute the sister group of 

Osteichthyes (bony vertebrates). This monophyletic group 

diverged from a common ancestor with the  Osteichthyes 
lineage about 420 million year ago (mya) (Brazeau and 

Friedman 2015) and occupies a pivotal position in gna

thostomes. Within the Chondrichthyes class, there exists 

two sub-classes,  Elasmobranchii (sharks, rays, skates and 

sawfish) and  Holocephali (chimeras) (see  Figure 23.1 to  

follow the description of  Chondrichthyes phylogeny). The 

earliest trace of Holocephali can be found around 420 mya 

(Inoue et al. 2010).  Holocephali include a single surviving 

order, Chimaeriformes (chimeras), with 39 extant species.  

One popular chimera is  Callorhinchus milii, also known 

as the Australian ghost-shark. The elasmobranch subclass 

includes more than 1,000 species of sharks, skates and rays. 

Elasmobranchs are composed of eight orders of  Selachii 

(modern sharks) and four orders of  Batoidea (rays, skates, 

guitarfish and sawfish).  Figure 23.1  recapitulates the main 

Chondrichthyes groups and mentions the species that will 

be discussed in this chapter. It is interesting to note that the 

Chondrichthyes group has survived the five mass extinc

tions over the last 400 million years. 

Because of their phylogenetic position,  Chondrichthyes 
have been used to shed light on the origin of gnathostomes. 

How the last common ancestor of all gnathostomes looked 

like is the subject of intense debate. Beside  Chondrichthyes 
and Osteichthyes, jawed vertebrates comprise two paraphy

letic groups of extinct animals, placoderms and acanthodians, 

whose fossils help specify the relationship of this common 

ancestor with cartilaginous and bony fi sh. Morphological 

data from fossil brain cases (Davis et al. 2012;  Giles et al. 

2015) and dermal skeletons ( Zhu et al. 2013) have been 

used to build these hypotheses. In the study conducted by 

Davis et al. (2012), modern jawed vertebrates are proposed 

to be the result of the diversification of  Osteichthyes away 

from an ancestral form similar to Chondrichthyes, to which 

acanthodians belonged. A study analyzing a shark-like 

FIGURE 23.1 Phylogenic classifi cation representing Chondrichthyes within vertebrates. Terminal clades are orders (Lamniformes, 

Rajiformes .  .  .), and each order is illustrated with an example species. Chondrichthyes comprise Elasmobranchii and Holocephali. 
Elasmobranchii include Selachii and Batoidea. The Selachii superorder encompasses eight orders: Carcharhiniformes (ground sharks), 

Heterodontiformes (bullhead sharks), Hexanchiformes (frilled and cow sharks), Lamniformes (mackerel sharks), Orectolobiformes 

(carpet sharks), Pristiophoriformes (sawsharks), Squaliformes (dogfish sharks) and Squatiniformes (angel sharks). The Batoidea 

superorder includes Myliobatiformes (stingrays and relatives), Rajiformes (skates and guitarfish), Torpediniformes (electric rays) and 

Rhinopristiformes (sawfi sh). 
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fossil concluded that the ancestral gnathostome condi

tion for branchial arches was  Osteichthyes -like ( Pradel et 

al. 2014). Another study described an unexpected contrast 

between the endoskeletal structure in Janusiscus (an early 

Devonian gnathostome) and its superfi cially Osteichthyes

like dermal skeleton (Giles et al. 2015). The evolutionary 

history of jawed vertebrates is still debated, as newly uncov

ered fossils of early gnathostomes show unseen combina

tions of primitive and derived characters (Patterson 1981). 

For a detailed recent discussion about the evolution of jawed 

vertebrates, the reader can refer to the review from Brazeau 

and Friedman (2015). 

23.2	 CHONDRICHTHYES IN THE PAST 
AND PRESENT 

 Historically, scientific knowledge about  Chondrichthyes 
remained limited compared to other vertebrates. Indeed, 

studying highly mobile animals in vast marine environments 

remained a challenge until the proper technologies were 

developed (Castro 2017). In 1868, Jonathan Couch reported 

descriptions and drawings of 35 Chondrichthyes species in 

the book  History of the Fishes of the British Islands ( 1863 , 

Figure 23.2), which constitutes one of the first atlases of the 

group. This diverse class contains some of the fi rst animal 

models in experimental biology. 

23.2.1	 THE RISE OF CHONDRICHTHYES AS MODELS 

IN EXPERIMENTAL BIOLOGY 

The earliest mention of Chondrichthyes by scientists 

dates back to Aristotle (Demski and Wourms 2013). His 

observations include i) the distinction between oviparous 

and viviparous modes of reproduction in sharks, skates 

and rays; ii) description of the female and male reproduc

tive system; iii) description of the shark and skate egg 

case structure and observations on embryonic develop

ment; and iv) notes on breeding seasons and migrations 

for “pupping” (Demski and Wourms 2013). Wourms 

(1997) extensively described the history of the rise of both 

Osteichthyes and Chondrichthyes embryology. He argues 

that the progressive development of knowledge of teleosts 

and Chondrichthyes embryology during the 19th century 

drove the birth of modern descriptive embryology. This led 

to the rise of comparative embryology associated with evo

lutionary studies and then to the experimental and physio

logical study of development (Wourms 1997 ). For example, 

Kastschenko (1888) used catshark embryos (Scyliorhinus 

FIGURE 23.2 Drawings and pictures of Chondrichthyes species. (a–f) Drawings represent the white shark (a), sting ray (b), arctic chi

mera (c), Greenland shark (d), catshark (e) and picked dog (f). Right panel represents several steps of the catshark (Scyliorhinus canicula) 

life cycle: embryo, juvenile and adult stage. (From A History of the Fishes of the British Islands by Jonathan Couch, Vol I. 1868. Station 

Biologique de Roscoff (SBR) library collection and Biodiversity Heritage Library. Photos courtesy of © Station Biologique de Roscoff, 

Wilfried Thomas.) 
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canicula,  Figure 23.2) as experimental models to test a  

developmental theory. 

23.2.2 THE STUDY OF CHONDRICHTHYES BEHAVIOR

 The first reported studies on  Chondrichthyes behavior 

emerged later. The initial studies on shark behavior include 

those carried out by Sheldon (1909, 1911) and by Parker 

(1914). The focus of these studies was the influence of the 

eyes, ears and other allied sense organs on the movements of 

the dogfi sh Mustelus canis. Remarkably, a military project 

entitled “Project Headgear” (1958–1971) conducted experi

ments in which sharks were trained to carry explosives. 

The details of this project have never been released. With 

increasingly sophisticated technology, the themes addressed 

in behavioral research have widened, and an array of studies 

can be found (Tricas and Gruber 2001;  Sundström et al. 2001; 

Kelly et al. 2019;  Gardiner 2012; Myrberg 2003;  Gruber and 

Myrberg 1977;  Hammerschlag 2016; Aidan et al. 2005). As 

the field of animal cognition expands, social learning in  

lemon sharks (Guttridge et al. 2013); tool use in batoids (Kuba 

et al. 2010); learning, habituations and memory in a benthic 

shark (Kimber et al. 2014); and spatial memory and orien

tation strategies in stingrays (Schluessel and Bleckmann 

2005) have helped build a picture of  Chondrichthyes cogni

tive functions. Schluessel (2015) reviewed the evidence for 

cognitive abilities in elasmobranchs. 

23.2.3 CURRENT TRENDS IN CHONDRICHTHYES RESEARCH 

Current trends in Chondrichthyes research were analyzed in 

a recent review (Shiffman et al. 2020). This review depicts 

the trends in research efforts over three decades (1985–2016) 

by analyzing the content of all the abstracts presented at the 

annual conferences of the American Elasmobranch Society 

(AES), the oldest and largest professional society for the 

scientific study and management of these fish (Shiffman et 

al. 2020). AES research was most frequently on movement/ 

telemetry, age and growth, population genetics, reproduc

tive biology and diet/feeding ecology, with different areas 

of focus for different species or families. Certain biases 

exist in areas of investigations such as species “charisma” 

(e.g. white shark,  Carcharodon carcharias ), accessibil

ity to long-term established field research programs (e.g. 

lemon shark, Negaprion brevirostris, and sandbar shark, 

Carcharhinus plumbeus) or ease of model maintenance 

for lab-based research (e.g. bonnethead shark, Sphyrna 
tiburo) (Shiffman et al. 2020). Nearly 90% of all described 

Chondrichthyes species have never been mentioned in an 

AES abstract, including some of the most threatened species 

in the Americas (Shiffman et al. 2020). 

23.2.4 CHONDRICHTHYES CONSERVATION STATUS 

Chondrichthyes are considered one of the most threat

ened vertebrate groups by the International Union for the 

Emerging Marine Model Organisms 

Conservation of Nature (IUCN) Red List (McClenachan  

et al. 2012;  Dulvy et al. 2014;  White and Last 2012). The 

threats faced by Chondrichthyes can be grouped into the 

effects of various fishing activities and of habitat loss (Dulvy 

et al. 2014;  Jennings et al. 2008) and environmental degra

dation such as pollution (Lyons and Wynne-Edwards 2018). 

Alarmingly, sharks are subject to a global slaughter; shark 

products such as dried fins have high commercial value and 

a high exposure to international trade (Gross 2019). Human 

exploitation of Chondrichthyes is aggravated by certain life 

history traits, like low fecundity, the production of small 

numbers of highly precocious young, slow growth rates  

and late sexual maturity (Collin 2012). In 2020, a study 

showed that fishing exploitation in the Mediterranean might 

exert an evolutionary pressure toward early maturation in  

the catshark,  Scyliorhinus canicula (Ramírez-Amaro et al. 

2020). Additionally, sharks are considered at a relatively 

high risk for climate change (Cavanagh et al. 2005;  Rosa et 

al. 2014). Indeed, climate change is already affecting ocean 

temperatures, pH and oxygen levels. How ocean warming, 

acidification, deoxygenation and fishery exploitation may 

interact to impact Chondrichthyes populations is yet to be 

determined (Sims 2019;  Rosa et al. 2017;  Wheeler et al. 

2020). The use of Chondrichthyes models in experimental 

biology must pay heed to conservation status. 

23.2.5 THE SCIENCE BEHIND CONSERVATION EFFORTS 

Conservation efforts benefit from multidisciplinary 

approaches in assessing what conditions impact species  

survival. For example, quantifying distribution patterns 

and species-specific habitat associations in response to geo

graphic and environmental drivers is critical to assessing risk 

of exposure to fishing, habitat degradation and the effects 

of climate change (Espinoza et al. 2014).  Chondrichthyes 
extinction risk has been found to be determined by repro

ductive mode but not by body size (García et al. 2008). In 

this same study, extinction risk was highly correlated with 

phylogeny, and as such, the loss of species is predicted to be 

accompanied by a loss of phylogenetic diversity (García et 

al. 2008). Moreover, distribution patterns (Espinoza et al. 

2014) ecosystem diversity (Boussarie et al. 2018), ecologi

cal context (Collin 2012) and behavior (Wheeler et al. 2020) 

are valuable for meaningful management and conservation. 

Behavioral differences within and between species, as well 

as the ecological context in which a species exists, can have 

important management implications. In an effort to combat 

the many threats  Chondrichthyes face, several regions now 

have shark sanctuaries or have banned shark fi shing—these 

regions include American Samoa, the Bahamas, Honduras, 

Dominican Republic, the Cook Islands, French Polynesia, 

Guam, the Maldives, Saba, St Marteen, New Caledonia, 

Bonaire, The Cayman Islands, the Marshall Islands, 

Micronesia, the Northern Mariana Islands and Palau (Bell 

2018). These measures reveal that shark conservation has 

been understood as important. 
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23.3 BIOGEOGRAPHY 

Chondrichthyes occupy a variety of ecological habitats all 

around the world. While some are restricted to relatively 

specific zones (as a function of temperature, osmolality or 

resources), other  Chondrichthyes have wider distributions 

and migratory routes that lead them across the oceans. 

These habitats include; 

• 	Benthic zones (e.g. the little skate  Leuroraja 
erinacea) 

• 	Coastal waters (e.g. the spiny dogfi sh Squalus 
acanthias) 

• 	 Cold waters (e.g. the Greenland shark  Somniosus 
microcephalus) 

• 	Deep sea (e.g. the Portuguese dogfi sh 

Centroscymnus coelolepis) 
• 	Estuaries (e.g. the smalltooth sawfi sh Pristis 

pectinate) 

• 	 Lakes (e.g. the bull shark  Carcharhinus leucas). 
• 	Mangroves (e.g. the long comb sawfi sh Pristis 

zijsron) 

• 	 Open sea (e.g. pelagic sting ray  Pteroplatytrygon 
violacea) 

• 	 Reefs (e.g. the blacktip reef shark  Carcharhinus 
melanopterus) 

• 	 Rivers (e.g. the ocellate river stingray  Potamotrygon 
motor) 

• 	 Tropical waters (e.g. the reef manta ray  Mobula 
alfredi) 

Depending on local availability, scientists have devel

oped different models. In Europe,  Scyliorhinus canicula, 

or the small-spotted catshark, can be described as a his

torical  Chondrichthyes model in biology (Coolen et al. 

2008) (Figure 23.2). Their spatial distribution spans from 

the Northeast and Eastern Central Atlantic, Norway and 

the Shetland Islands to Senegal (possibly along the Ivory 

Coast), as well as throughout the Mediterranean Sea. The 

IUCN defines the small-spotted catshark as one of the 

most abundant elasmobranchs in the Northeast Atlantic 

and Mediterranean Sea (IUCN SSC Shark Specialist 

Group et al. 2014). As such, the species is assessed as 

Least Concern. 

23.4 CHONDRICHTHYES LIFE CYCLES 

23.4.1	 REPRODUCTIVE STRATEGIES 

For all  Chondrichthyes, fertilization is internal, and a 

paired pelvic male organ called claspers deliver sperm  

inside the female. Additionally to the pelvic claspers, 
Holocephali have a cephalic clasper (Tozer and Dagit 

2004). Female elasmobranchs have been shown to store  

sperm (Pratt and Carrier 2001). Advantageously for 

science, Chondrichthyes are the vertebrates with the most 

diverse reproductive strategies; these include maternal 

investment, placental viviparity, ovoviviparity or strict 

lecithotrophic oviparity (yolk-dependent) (Dulvy and 

Reynolds 1997). These species-specifi c developmental 

specializations enable investigations on the evolution of 

reproductive strategies within a single clade (Mull et al.  

2011). Ovoviviparous development, in which eggs hatch 

internally, is the norm in manta rays, the spiny dogfi sh, 

sawfish and whale sharks. The majority of  Chondrichthyes 
species are oviparous (egg-laying): examples include the 

little skate and the small-spotted catshark. Viviparity or 

live birth is found in hammerhead sharks, bull sharks and 

blue sharks. Besides sexual reproduction, asexual parthe

nogenesis has been observed in captive  Chondrichthyes 
such as the zebrashark (Dudgeon et al. 2017), the hammer

head shark (Chapman et al. 2007) and the sawfi sh (Fields 

et al. 2015). Fecundity is as few as 1 to 10 per litter in the 

electric ray, Torpedo torpedo (Diatta 2000), and as many 

as 300 per litter for the whale shark,  Rhincodon typus 
(Joung et al. 1996 ). 

Of these reproductive mechanisms, the most conducive to 

experimental manipulation is oviparity, as it facilitates han

dling. Importantly, oviparous species act as a steady sam

ple bank for molecular and cellular investigations without 

needing to sacrifice the mothers. According to Compagno’s 

review (1990) on Chondrichthyes life-history styles, approxi

mately 43% of Chondrichthyes utilize oviparity, including all 

Chimaeriformes (chimeras), Heterodontiformes (bullhead 

sharks), Rajoidae (skates) and Scyliorhinidae (catsharks) 

(Compagno 1990). Many species can be maintained in captiv

ity and will lay eggs throughout an annual season; embryos at 

various developmental stages can thus be obtained in the lab

oratory year-round. Artificial insemination has been reported 

for two oviparous species, the clearnose skate,  Raja eglante
ria (Luer et al. 2007), and the cloudy catshark,  Scyliorhinus 
torazame (Motoyasu et al. 2003). Additionally, sperm stor

age allows wild-caught females to lay eggs for several months 

(Scyliorhinus canicula, Figure 23.2) without requiring males 

or captive mating events. 

23.4.2	 CHONDRICHTHYES SPECIES IN 

DEVELOPMENTAL BIOLOGY 

Compared to other model species in genetics and development 

(such as C. elegans or Drosophila), the slow development of 

Chondrichthyes can be an advantage, as it confers a better spa

tial and temporal resolution. The choice of a  Chondrichthyes 
model for developmental biology warrants knowledge on the 

species lifecycle; fecundity, sexual maturity and longevity. 

Estimated longevity can be as short as ten years for sharpnose 

sharks, Rhizoprionodon spp. (Cailliet et al. 2001), and as long 

as 272 years for Greenland sharks (Figure 23.2),  Somniosus 
microcephalus (Nielsen et al. 2016 ). 

A common  Chondrichthyes shark model is the ovipa

rous  S. canicula. Detailed information on the small-spot

ted catshark such as maturity, fecundity and occurrence is 

described by Capapé (2008). This species deposits egg-cases 
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protected by a horny capsule with long tendrils (Figure 23.2). 

Embryos, juveniles and adults (Figure 23.2) can be kept in 

lab facilities. Such is the case at the Station Biologique de 

Roscoff or at the Observatoire Océanologique de Banyuls

de-mer in France. 

A Chondrichthyes skate model that is recurrent in develop

mental biology is the oviparous  Leucoraja erinacea, or little 

skate (see details concerning the suitability of this animal as 

a lab model in  Clifton et al. 2005). Little skates can be main

tained in tanks, and egg-carrying females can be identifi ed 

by palpation. Eggs are produced in pairs at intervals of about 

seven days, and hatching requires about six months at 15°C. 

Refrigerator temperatures can be used to hold embryonic 

development in stasis. Furthermore, the slow development 

of Leucoraja erinacea allows removal and  in vitro culture 

of embryonic cells as well as transplantation of modifi ed 

cells back into the embryo (Mattingly et al. 2004). Thanks 

to the reduced metabolic rates (ion transport and oxygen con

sumption) associated with cold-water habitats, the little skate 

exhibits an increased stability of cells, tissues and cellular 

macromolecules, including nucleic acids (Clifton et al. 2005). 

Emerging Marine Model Organisms 

Most holocephalans are found in the deep waters of the 

continental shelf and slope and as a result are unlikely can

didates for captivity/lab use. The spotted ratfi sh (Hydrolagus 
colliei) is one notable exception occurring in near-shore 

waters (Tozer and Dagit 2004). 

The small-spotted catshark and little skate are examples 

of how Chondrichthyes offer new perspectives for compara

tive studies of vertebrate development relative to the more 

traditional zebrafi sh, Xenopus, avian and mammalian devel

opmental models.  Table 23.1 compiles the existing papers on 

the development of specifi c Chondrichthyes species. 

23.5 CHONDRICHTHYES EMBRYOGENESIS 

23.5.1 EARLY EMBRYOGENESIS AND GASTRULATION 

The main steps of early embryogenesis (ovum to gastrula

tion) of the elasmobranch embryo are documented for sev

eral oviparous species (see Table 23.1), and the following 

data are based on Balfour and Ballard’s descriptions (Balfour 

1878; Ballard et al. 1993). As in avian eggs, the cytoplasm 

TABLE 23.1 

Compilation of papers that describe a Chondrichthyes’ embryogenesis (Conservation status of 
said species is detailed as reported by the IUCN Red List Status). 



425 Current Trends in  Chondrichthyes Biology 

FIGURE 23.3 Early steps of catshark embryogenesis. (a) From stages 1 to 3. Right drawings: dorsal views of the embryo. Left draw

ings: cross-sections of the corresponding embryos. Pink arrows point to cells of the syncytial blastodisc. (b) From stages 4 to 10. Pink 

dots indicate the position of the posterior end of the embryo/blastodisc. Bottom drawing represents a cross-section of the posterior end of 

the embryo at stage 10. (c) Stages 11 to 18. (a) dorsal view of the embryo at stage 11. Arrows represent cells converging to the midline at 

the posterior end. (b, c) cross-sections of the embryo at the posterior end (over stage 11). In (b) the pink arrow represents mesendodermal 

cells involuting above the archenteron. (c) the horizontal pink arrow illustrates cell movements from the involuting mesendoderm. The 

vertical arrow illustrates the movement of single cells internalized from the upper layer. (Adapted from Balfour (1878), Vandebroek 

(1936), Ballard et al. (1993). Artwork: David Wahnoun, DigitalMarine.) 
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comprises large amounts of yolk, making segmentation pos

sible in only a small portion of the telolecithal egg cell. These 

fi rst cleavages start within the oviduct with the particularity 

of being incomplete. Cell membranes of the fi rst blastomeres 

do not close up at their bases so that the cytoplasms and the 

underlying yolk are continuous and form a syncytial blasto

disc (stage 1, Figure 23.3A). Around the 100-cell stage, the 

blastodisc is not syncytial anymore, and the loosely arranged 

blastomeres exhibit a spherical morphology (stage 2,  Figure 

23.3A). Later on, the density of inner blastomeres increases, 

and they are covered by an epithelium made of columnar 

cells, the epiblast (stage 3,  Figure 23.3A). Dorsal views of  

the blastodisc will later display a crescent-like structure at 

the posterior end that will finally disappear (from stages 4 

to 7,  Figure 23.3B). From stages 8 to 10, the round blasto

disc shifts to an oval shape due to a unidirectional posterior 

spread (Figure 23.3B). As epiboly proceeds, the spreading 

of the blastodisc becomes multidirectional, and a thicken

ing starts to be observed at the posterior end. This cellular 

densifi cation in the posterior area of the blastoderm tends to 

intensify at stage 10 (Figure 23.3B, cross-section). 

An important feature of the stage 11 embryo is the folding 

of the epithelial upper layer over the yolk, generating a dou

ble-layered overhang (Figure 23.3C, a, b  and  c). The space 

created between this overhang and the yolk corresponds to 

the future archenteron of the embryo. Gastrulation prop

erly starts at this stage, with the lower layer of the overhang 

representing the mesendodermal cells involuting above the 

archenteron (Figure 23.3C, b). This forming mesendoder

mal layer can be referred to as a secondary hypoblast, while 

the mass of inner blastomeres is called the primitive hypo

blast (Ballard et al. 1993,  Figure 23.3C, b). Several studies 

described cell movements accompanying mesendoderm 

and mesoderm formation during gastrulation. Cell tracking 

experiments showed that labeled cells within the upper layer 

of the overhang at the very beginning of stage 11 are later 

displaced onward within the involuting mesendoderm layer 

(Godard et al. 2014,  Figure 23.3C, c). Similar experimen

tal approaches revealed that single cells can be internalized 

from the upper layer of the blastoderm to take part in meso

derm formation (Godard et al. 2014,  Figure 23.3C, c). On 

the other hand,  Balfour (1878) observed that epithelial cells 

at the tip of the involuting mesendoderm undergo a morpho

logical “transition”, acquiring the shape of the inner rounded 

blastomeres (Figure 23.3C, c). Similar cell shape changes in 

this area have also been reported by  Coolen et al. (2007).  

These observations suggest that epithelial cells both from 

the upper layer (epiblast) and from the tip of the involuting 

mesendoderm undergo an epithelial to mesenchymal transi

tion (EMT) during gastrulation.  In situ hybridization experi

ments performed with the mesoderm marker  Brachyury at 

this stage in catshark embryos suggest other types of move

ments. In addition to being expressed at the site of the invo

luting mesendoderm, its expression pattern also describes 

a thin ring all around the blastoderm, which suggests that 

cells from the margin are converging to the midline at the 

posterior end of the embryo (Sauka-Spengler et al. 2003) 

Emerging Marine Model Organisms 

(Figure 23.3C, a). The convergence of cells from the periph

ery of the blastoderm to the posterior end of the midline has 

been initially reported by Vandebroek (1936). In the future, 

development of live imaging approaches on elasmobranch 

embryos would defi nitively help to shed light on the spatial 

and temporal behaviors of their cells during gastrulation. 

23.5.2	 FROM AXIS FORMATION TO 

PHARYNX SEGMENTATION 

At stage 12, the posterior end of the blastoderm exhibits 

a V-shaped structure referred to as the embryonic shield 

(Figure 23.3C). A slight depression is observed in the  

middle of the embryonic shield. It will give rise, by exten

sion from posterior to anterior, to the medullary groove, 

stating the position of the embryonic axis (Figure 23.3C, 

stage 14). As the embryo increases in length, the anterior 

part will enlarge (neural plate, Figure 23.3C, stage 14) and 

rise to form the neural/medullary folds. In the posterior  

region, the two arms of the embryonic shield (posterior 

lobes,  Figure 23.3C, stage 14) will progressively shrink to 

fuse and enclose the neural tube and the archenteric cav

ity (Figure 23.3C, stage 17). Similar fusion of the neural 

folds is observed in the anterior part (Figure 23.3c, stage 

17). Several pairs of somites are formed during the pro

cess of neural tube closure (Figure 23.3C, stage 17). While 

the trunk pursues its segmentation through the formation 

of additional somite pairs, the pharynx area undergoes  

metamerization, too; several branchial clefts will appear 

(Figure 23.3C, stage 18). 

23.6	 CHONDRICHTHYES ANATOMY 
AND SENSORY BIOLOGY 

23.6.1	 EXTERNAL FEATURES 

In this section, typical  Chondrichthyes body plans will be 

proposed for  Selachimorpha, Batoids and  Holocephalans, 
and general external features will be briefly discussed. For 

a more detailed account of  Chondrichthyes anatomy, The 
Dissection of Vertebrates, Second Edition by Gerardo De 

Iuliis and Dino Pulerà is highly informative (2019). 

 All Chondrichthyes breathe through five to seven pairs 

of gills, depending on the species. As a general rule, pelagic 

(open sea) species have to keep swimming to ensure that  

oxygenated water is moving through their gills. Demersal 

species, which live in the water column near the sea fl oor, 

will actively pump water in through their spiracles and out 

through their gills (Salazar 2018). Spiracles are respiratory 

openings into the pharynx. For sharks, the gills are located 

on the sides of the body, while the gills are ventral for batoids 

(De Iuliis and Pulerà 2019). Elasmobranch gill structure and 

function are described by Wegner (2015). Holocephalans 

have a single gill opening, on each side, located just anterior 

to the base of the pectoral fi n. 

Most sharks, sawfish and chimeras have a heterocercal 

tail (with unequal upper and lower lobes). This particular 
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structure has been showed to aid in locomotion (Wilga and 

Lauder 2002). For skates, however, tails range from a thick 

tail extending from the body to a whip to almost no tail.  

Stingrays (batoids) possess a venomous stinger located in 

the mid-area of the tail. This particularity has brought on 

studies on the chemistry of their venom (da Silva et al. 2015). 

In most holocephalans, the first dorsal fin is preceded by a 

venomous spine that can inflict a serious wound (Halstead 

and Bunker 1952). 

Chondrichthyes have tough skin covered with dermal 

teeth, also called placoid scales (or dermal denticles). The 

dermal skeleton is the most ancestral mineralized skeleton 

(see Gillis et al. 2017  for more information) and dermal den

ticles in the skin of elasmobranchs as well as teeth in the head 

of all jawed vertebrates are remnants of this structure (Gillis 

et al. 2017 ). Torpediniformes (electric rays) form an excep

tion, as they have a thick and fl abby body, with smooth and 

loose skin. Notably,  Holocephali lose their dermal denticles 

as adults to keep only those on the clasping organ seen on the 

caudal ventral surface of the male (Salazar 2018). Denticles 

usually provide protection and, in most cases, streamlining 

(Salazar 2018). On another level, denticles make the skin of 

the catshark and the common stingray a highly sought-after 

product for luxury lining and leatherwork. Called shagreen 

(or galuchat in French), the use of this skin to wrap travel  

cases and manufacture holders is mentioned by Buffon as 

early as 1789 in the second volume of Histoire naturelle des 
poissons ( Buffon 1789 ). 

In some shark species, such as the lantern shark, denticles 

even house bioluminescent bacteria that aid in intraspecifi c 

communication (Claes et al. 2015). In 2018, shark denticles 

were discovered to be laid out according to a Turing-like 

developmental mechanism explained by a reaction-diffusion 

system (Cooper et al. 2018). 

As aforementioned, bioluminescence and biofl uo

rescence can occur in certain  Chondrichthyes species. 

Bioluminescence is the ability of living beings to radiate 

light on their own or with the help of certain symbiotes (e.g. 

bacteria). Biofluorescence is the process in which ambient 

light is absorbed via fluorescent compounds and reemitted 

at longer, lower-energy wavelengths. Examples of biolu

minescent sharks include  Etmopterus spinax (velvet belly 

lantern shark) (Claes et al. 2010),  Euprotomicrus bispina
tus (dwarf pelagic shark) (Hubbs et al. 1967) or  Squaliolus 
aliae (smalleye pygmy shark) (Claes et al. 2012). They dis

play light-emitting organs (photophores) on their under

sides that form species-specifi c patterns over the fl anks and 

abdomen. The ventral photophores are considered to par

ticipate in counter-illumination, a method of camoufl age 

that uses light production to match background brightness  

and wavelength (Sparks et al. 2014). The bioluminescent 

flank markings may play a role in intraspecifi c communica

tion (Gruber et al. 2016 ). The roles of biofl uorescence are 

more elusive. The  Urotrygonidae (American round sting

rays), Orectolobidae (wobbegongs) and  Scyliorhinidae 
(catsharks) families include fluorescent species. As these 

families are distantly related, biofluorescence is thought to 

have evolved at least three times in elasmobranchs (Gruber 

et al. 2016 ). The swell shark (Cephaloscyllium ventriosum), 

the chain catshark (Scyliorhinus rotifer) and round stingray 

(Urobatis jamaicensis) are known to exhibit bright green 

fluorescence (Sparks et al. 2014). The family of small mol

ecules behind marine biofluorescence reviewed in Park et 

al. (2019) have been hypothesized to play a role in central 

nervous system signaling, resilience to microbial infections 

and photoprotection. 

23.6.2 INTERNAL ANATOMY 

This section is a selection of specific traits of Chondrichthyes 
anatomy deemed important to mention. As the etymology of 

the term  Chondrichthyes indicates, they possess a cartilagi

nous skeleton. 

 For Selachii, the mouth is ventrally located. The upper 

and lower jaws are lined by multiple rows of serrated, tri

angular and pointed teeth that continuously grow and shed 

(De Iuliis and Pulerà 2019). Instead, batoids possess fl at

tened plates for crushing bottom-dwelling prey (De Iuliis 

and Pulerà 2019). Gynandric heterodonty (sexual dimor

phism in teeth) is very common in elasmobranchs, and  

Berio et al. (2020) described the intraspecific diversity of 

tooth morphology in the large-spotted catshark and revealed 

some of the ontogenic cues driving this sexual dimorphism. 

Holocephalans possess three pairs of tooth plates, two in the 

upper jaw and a single pair in the lower jaw (Tozer and Dagit 

2004 ). Sawfish (Rhinopristiformes, Batoids, Elasmobranch) 

are characterized by a long, narrow and fl attened rostrum 

(nose extension) lined with transversal teeth. This fea

ture can also be found in sawsharks (Pristiophoriformes, 

Selachii, Elasmobranch). 

Chondrichthyes have no swim bladders. Buoyancy is  

rather controlled with a large oil-filled liver, which reduces 

their specific density. An interesting feature of sharks is 

the valvular intestine, which bears a spiral valve, a cork

screw-shaped lower portion of the intestine that increases 

its effective length (De Iuliis and Pulerà 2019). Remarkably, 

chimeariformes lack stomachs (Salazar 2018). 

Unlike mammals, Chondrichthyes do not have bone mar

row, and red blood cells are produced in the spleen and the 

epigonal organ. The epigonal organ is a special tissue around 

the gonads that is only found in certain cartilaginous fi sh and 

thought to play a role in the immune system. Red blood cells 

are also produced in the Leydig’s organ (nested along the top 

and bottom of the esophagus), which is also considered part of 

the immune system (Mattisson and Faänge 1982). The subclass 

Holocephali lacks both the Leydig’s and epigonal organs. 

Elasmobranch kidneys deserve a special mention, and 

the little skate and spotted catshark have been of particu

lar interest for the study of kidney development. The func

tional unit of the kidney is the nephron, and the process of 

nephron formation is termed nephrogenesis. In mammals, 

nephrogenesis comes to a stop shortly after birth. This 

means nephron endowment is definitive in mammals at 

birth. Some elasmobranchs have been found to continually 
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form nephrons even after embryonic development. Using 

kidney histological sections from a spotted catshark 

juvenile, Hentschel (1991) described nephrogenesis with 

similar morphological steps as found during mammalian 

nephrogenesis (Hentschel 1991). This unique capacity is a 

promising research area to better understand the orches

trating factors behind kidney morphogenesis. 

Elasmobranch species possess a rectal (or salt) gland. 

This epithelial organ is located in the distal intestine and 

empties into the cloaca. It is composed of many tubules that 

serve a single function: the secretion of hypertonic NaCl 

solution (Forrest 2016 ). Initially discovered by Wendell 

Burger and Walter Hess (1960), this organ can be cannu

lated and perfused, and chloride secretion can be measured. 

As highlighted by Forrest (2016 ), this organ has helped 

in understanding the physiology of the mammalian thick 

ascending limb (TAL), an inaccessible portion of the kid

ney, which functions to filter sodium (Na +), potassium (K+) 

and chloride (Cl-). 

23.6.3 SENSORY BIOLOGY 

Chondrichthyes are gifted with a plethora of senses that are 

more or less developed depending on the species. The sensory 

biology of Chondrichthyes can be divided into visual, acous

tic, mechanical, chemical, magnetic and electrical detection. 

23.6.3.1 Photoreception 
Studies that focus on visual function in Chondrichthyes 
have described differing sensitivities to light and colors 

(Douglas and Djamgoz 2012). Depending on the ecologi

cal niche they occupy,  Chondricthyes have evolved differ

ent morphological adaptations to optimize photoreception. 

These include variation in eye size, eye positioning, mobile 

pupils, elaborate pupillary opercula and refl ective retinal 

media (Walls 1942). The variety of pupil shapes (horizon

tal, oblique, U-crescent shaped slits) and pupillary oper

cula is striking. Usually, elasmobranchs benefit from large 

visual fields—a horizontal arc of up to 360° (McComb  

and Kajiura 2008)—while humans have a 210° horizontal 

arc. Elasmobranch retinas include both rod cells, which 

allow perception in dim-light conditions, and cone cells, 

which allow perception in bright-light conditions, higher 

acuity and possible color distinction (Jordan et al. 2013). 

Ecological factors seem to condition the proportion of rods 

and cones and the spectral sensitivity of cones. For exam

ple, species that inhabit the dysphotic and aphotic zone 

possess fewer to no cones (Collin et al. 2006). Concerning 

batoids, eyes are usually located dorsally, though lateral eye 

position can also be observed, and eyes can even be vesti

gial in some electric rays. Some batoids (skates, rays and  

guitarfish) exhibit several spectrally specific cone pigments 

that would entail the ability for color discrimination (Hart 

et al. 2004,  Theiss et al. 2007 ). In 2016, the giant guitarfi sh 

(Rhynchobatus djiddensis) was discovered to possess the 

ability to retract its eyes, possibly as a means of protection 

during predation (Tomita et al. 2016 ). 

Emerging Marine Model Organisms 

23.6.3.2 Audition 
Myrberg recounts the history of investigations concerning 

the hearing abilities of sharks in his  Acoustical Biological of 
Elasmobranch review (2001). For sharks, the highest sensi

tivity has been demonstrated for low-frequency sounds (40 to 

800 Hz). Specific sound characteristics attract free-ranging 

sharks: irregular pulses without sudden increases in inten

sity and frequencies below 80 Hz. Such characteristics are 

evocative of wounded or struggling prey (Myrberg 2001). 

This is an auditory explanation behind the role that sharks 

play in regulating the health of ocean populations. Recently, 

Parmentier et al. (2020) described the hearing abilities of 

the catshark,  Scyliorhinus canicula, from early embryos to 

juveniles. Stage 31 embryos were able to detect sounds from 

100 to 300 Hz, while juveniles were able to detect sounds 

from 100 to 600 Hz. As hearing development continues in 

the catshark, only the frequency range appears to widen, as 

sensitivity and thresholds were not found to improve with 

development (Parmentier et al. 2020). This last paper con

tains references to other studies on  Chondrichthyes hearing 

abilities, namely hearing thresholds, frequency range and 

ear morphology. 

23.6.3.3 Mechanosensory System 
The mechanosensory systems of elasmobranchs include 

different tactile sense organs; receptor types and distribu

tion depend on the species (Maruska 2001;  Jordan 2008). 

These systems include lateral line canals, neuromasts and 

vesicules of Savi (types of sensory hair cells and their sup

porting cells) and spiracular organs. The lateral line marks 

the lateral line canals, which contain sensory nerve endings 

and open to the surface through tiny pores (De Iuliis and 

Pulerà 2019). These tactile sense organs respond to pressure 

variations induced by the velocity or acceleration of water  

flow. The electrosensory and lateral line systems of sawfi sh 

extend out along the rostrum. This allows them to sense and 

manipulate prey (Wueringer et al. 2011). 

23.6.3.4 Chemoreception 
Sensitivity to chemical signals through taste, chemical sense 

and olfaction constitutes another sense for  Chondrichthyes. 
The underlying organs behind these functions include olfac

tory sacs (for olfaction) and taste papillae (gustation). Sharks 

have been found to locate potential food using the difference 

in bilateral odor arrival times (Gardiner and Atema 2010). 

Pharyngeal denticles and taste papillae possess receptors 

used for gustation. The morphological adaptations that are 

pharyngeal denticles could help sharks catch and direct food 

items and prevent injury of the mouth lining during food 

manipulation and consumption (Atkinson et al. 2016). Both 

dermal and oral denticles possess species-specifi c micro

structural morphology that can be applied as a taxonomical 

tool (Bs et al. 2019). During odor source localization, com

binatory signals will help locate potential prey. Gardiner 

and Atema (2007) looked into the contribution of different 

senses (olfaction, mechanoreception and vision) to odor per

ception in the smooth dogfi sh Mustelus canis . Interestingly, 
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they found that the lateral line is required to locate odor 

sources (Gardiner and Atema 2007). 

23.6.3.5 Magnetoreception 
Fascinatingly, elasmobranchs have been observed to swim 

in straight lines for extended periods of time in a highly ori

ented manner and to navigate in relation to magnetic fi elds. 

These observations are true for tiger sharks (Galeocerdo 
cuvier; Holland et al. 1999), blue sharks (Prionace glauca; 

Carey et al. 1990) and scalloped hammerhead sharks 

(Sphyrna lewini; Klimley 1993). Meyer et al. (2005) showed 

experimentally that sharks can detect variations in the geo

magnetic field. They performed condition experiments on 

captive sharks to determine how they detect magnetic fi elds 

and to measure detection thresholds. The anatomical mod

ules underlying magnetoreception could be mediated directly 

via a magnetite-based sensory system or indirectly via the 

electrosensory system (Sundström et al. 2001). Indeed, the 

exact cells, molecules and receptors behind magnetorecep

tion in elasmobranches remain unknown. 

23.6.3.6 Electroreception 
Electroreception is important in many Chondrichthyes. 
In 1678, Stefano Lorenzini first described pores dispersed 

on a shark’s head without identifying their sensory role. It 

was only in the 1960s that their function began to be elu

cidated and identified as a modified part of the lateral line 

system. Named after Stefano Lorenzini, the ampullae of 

Lorenzini form a network of jelly-filled pores that act as 

sensing organs. These pores are connected to sensory cells 

by gel-filled canals and are highly sensitive to low-frequency 

electrical stimuli produced by both non-biological and 

biological sources. Ampullae of Lorenzini are mostly 

described in Chondrichthyes; however, they are also found 

in Chondrostei. Chondrostei are  Actinopterygii in which 

the cartilaginous skeleton is a derived feature. They include 

reedfish, sturgeon and bichir. On the other hand, rays pos

sess an electric organ that originates from modified nerve or 

muscle tissue. The electric field created by this organ is used 

for navigation, communication, mating (Feulner et al. 2009), 

defense and the incapacitation of prey. 

Jordan et al. (2013) extensively reviewed both the current 

knowledge on elasmobranch sensory systems and the way in 

which these sensory systems could inspire methods for bycatch 

reduction. The following references will allow a deeper look 

into the sensory system anatomies of sharks (De Iuliis and 

Pulerà 2019), batoids (Bedore et al. 2014;  Wueringer et al. 

2011) and holocephalans (Tozer and Dagit 2004;  Lisney 2010). 

23.7 GENOMIC DATA 

23.7.1 GENOMES AND TRANSCRIPTOMES 

With millions of species on earth, very few genomes or tran

scriptomes are in fact assembled, annotated and published. 

However, the availability of this data (genomes, transcrip

tomes or protein sequences) greatly accelerates studies on 

phylogeny (Li et al. 2012;  Straube et al. 2015), species diver

sity and population structure (Boussarie et al. 2018), conser

vation (Corlett 2017), evolutionary history (Inoue et al. 2010; 

Renz et al. 2013) or human health research. More generally, 

studies that encompass diverse animal models to compare 

sequences have been critical for deciphering fundamental 

physiological mechanisms and conserved gene and protein 

functions. Another approach is to compare closely related 

genomes to identify divergent sequences that may underlie 

unique phenotypes (Stedman et al. 2004). Several studies 

have shown that non-coding sequences are more comparable 

between the genomes of humans and cartilaginous fi sh than 

between those of humans and zebrafish (Venkatesh et al. 

2006;  Lee et al. 2011). Both the slower molecular clock of 

cartilaginous fish relative to teleosts’ (Venkatesh et al. 2014; 

Renz et al. 2013;  Martin et al. 1992), as well as the extra 

whole-genome duplication specific of teleosts (Glasauer and 

Neuhauss 2014), can explain the comparability of human 

and  Chondrichthyes genomes. 

In 2013, a tissue-specific transcriptome was generated 

from the heart tissue of the great white shark (Carcharodon 
carcharias) (Richards et al. 2013). This represented the 

fi rst transcriptome of any tissue for this species. Strikingly, 

this transcriptome revealed that the percentage of anno

tated transcripts involved in metabolic processes was more 

similar between the white shark and humans than between 

the white shark and a teleost (Richards et al. 2013). This 

finding is consistent with those of Venkatesh et al. (2006) 

who found genomic non-coding elements and the relative 

position of genes to be more similar between the elephant 

shark and humans than between the elephant shark and a 

teleost. In 2014, the first large-scale comparative transcrip

tomic survey of multiple cartilaginous fish tissues was ana

lyzed: the pancreas, brain and liver of the lesser spotted 

catshark,  Scyliorhinus canicula (Mulley et al. 2014). This  

study contributes to deciphering the molecular-level func

tions of pancreatic metabolic processes of  Chondrichthyes. 
Uncommonly,  Chondrichthyes possess the ability to both 

maintain stable blood glucose levels and tolerate exten

sive periods of hypoglycemia (Mulley et al. 2014). A high-

coverage whole-genome sequencing project of S. canicula 
is underway (Génoscope, French National Sequencing 

Center and laboratory of Sylvie Mazan, Observatoire  

Océanologique de Banyuls sur Mer, France). A collection 

of catshark expressed sequence tags (ESTs) is also available 

in Mazan’s lab. The fi rst Chondrichthyes whole genome 

to be sequenced was of the holocephalan Callorhincus 
milii, published by Venkatesh et al. (2014). The genome 

size is approximately 1 Gbp. The same year, Wyffels et al. 

sequenced both the nuclear and mitochondrial genomes of 

the little skate (Leucoraja erinacea). The genome repre

sents 3.42 Gbp across 49 chromosomes.  Wyffels et al. (2014) 

introduced Skatebase (www.skatebase.org), a project for the 

collection of elasmobranch genomes to complete molecular 

resources for  Chondrichthyes fish. Additionally, to the little 

skate genome, mitochondrion sequences from the ocellate 

spot skate (Okamejei kenojei) and thorny skate (Amblyoraja 

http://www.skatebase.org
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radiata) as well as transcriptomes from the spotted catshark 

and elephant shark can be found. Skatebase also regroups 

the  Chondrichthyes sequence data found in NCBI databases, 

UniProtKB and the Protein Data Bank (PDB) of  Leucoraja 
erinacea, Callorhinchus milii and  Scyliorhinus canicula. 

Skateblast, hosted on Skatebase, provides a  Chondrichthyes

specific blast platform with the previously mentioned data. 

Genomic contigs and features are available for download. 

In 2017, the draft sequencing and assembly of the genome 

of the whale shark,  Rhicodon typus, was published by Read 

et al. (2017). The whale shark genome represents 3.44 Gbp. 

In 2018, the brown-banded bamboo shark, Chiloscyllium 
punctatum, and the cloudy catshark, Scyliorhinus torazame, 

de novo whole genomes as well as an improved assembly  

of the whale shark genome were presented by  Hara et al. 

(2018). The genome size of the brownbanded bamboo shark 

is 4.7 Gbp and the cloudy catshark 6.7 Gbp. In 2018, both 

the zebra bull-head shark (Onimaru et al. 2018) and ocellate 

spot skate (Tanegashima et al. 2018) transcriptomes were 

published. Lastly, in 2019, the white-shark (Carcharodon 
carcharias) genome was published by Marra et al.  (2019) 

with a size of 4.63 Gpb. Figure 23.4 represents a timeline of 

the  Chondrichthyes genomes and transcriptomes with ref

erence publications. Further information concerning gene 

repertoires, genome size variation, ploidy level, sequence  

composition can be found in a recent review dedicated to 

elasmobranch genomics (Kuraku 2021). 

23.7.2 GENE FAMILY STUDIES 

A gene family is a set of several similar genes formed by 

duplication of a single original gene and generally with simi

lar biochemical functions. The  Hox family are well-known 

genes which act as major regulators of animal development. 

Emerging Marine Model Organisms 

Developmental expression profiling and transcriptome ana

lysis first described a lack of expression of the 11  HoxC 
genes in  S. canicula and  L. erinacea (Oulion et al. 2010, 

2011;  King et al. 2011). This finding was initially attributed 

to a genomic deletion of the entire  HoxC cluster in these 

taxa (Oulion et al. 2010;  King et al. 2011). A higher coverage 

sequencing has revealed that HoxC genes might in fact exist, 

but their genomic distributions and the elevated evolutionary 

rate of their sequences have rendered analysis diffi cult (Hara 

et al. 2018). Indeed, examination of several elasmobranch 

genome scaffolds comprising the presumed HoxC genes 

indicated that the cluster is far from as compact as the clus

ters of other vertebrate Hox genes (Hara et al. 2018). This 

type of situation highlights the importance of the quality of 

genomic databases that depends on sequencing depth and 

coverage. Furthermore,  Chondrichthyes genomic databases 

can give insight on the evolution of vertebrate gene reper

toires such as the gonadotropin-releasing hormone (GnRH) 

(Gaillard et al. 2018),  Fox genes (Wotton et al. 2008) or 

detoxification gene modules (Fonseca et al. 2019). 

23.8	 TOOLS FOR MOLECULAR AND 
CELLULAR ANALYSES 

23.8.1 CELL LINES 

Cell lines are transformed cell populations with the ability 

to divide indefinitely. They are powerful tools in understand

ing physiological, pathophysiological and differentiation 

processes of specific cells under controlled environmental 

conditions. Until 2007, no  Chondrichthyes cell line existed. 

Currently, two cell lines exist: the SAE cell line derived 

from Squalus acanthias, and LEE-1, derived from an early 

embryo of Leucoraja erinacea. The SAE cell line was the 

FIGURE 23.4 Timeline showing Chondrichthyes genome and transcriptome publications. 
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first multi-passage continuously proliferating cell line of a 

cartilaginous fish. Derived from  Squalus acanthias mesen

chymal cells, the primary culture was dispensed into several 

collagen-coated wells of a 48-well plate. This culture was 

maintained in a medium modified for fish species and supple

mented with cell-type specifi c hormones, other proteins and 

sera and plated on a collagen substrate (Parton et al. 2007). 

SAE cells have been continuously proliferating for three 

years. For the LEE-1 cell line, isolation and culture were ini

tiated with a stage 28 little skate embryo (Hwang et al. 2008). 

Similarly to the SAE cell line, cultures for the LEE-1 line 

were dispensed into collagen-coated wells of a 24-well plate 

with a basal nutrient medium supplemented with antibiotics 

and cell-type specific hormones, other proteins and sera. 

23.8.2 DESCRIPTIVE AND FUNCTIONAL APPROACHES 

Tools for molecular and cellular analyses have historically been 

developed with classical models (e.g.,  Xenopus, Drosophila 
or the mouse). The emergence of novel animal models has 

brought challenges in adapting these tools to varying frame

works. The value of Chondrichthyes models in experimen

tal biology, which depends on the success of descriptive and 

functional approaches, is illustrated in Table 23.2. These 

approaches generate anatomical and structural data as well as 

valuable information on molecular mechanisms. The proposed 

methods can help deepen our understanding of the dynamics of 

developmental gene patterns, cell fate during morphogenesis, 

metabolic functions or the mechanisms of tissue regeneration. 

TABLE 23.2 
Compiled descriptive and functional approaches successfully performed on Chondrichthyes species with reference 
papers for protocol examples. The list of reference papers is not exhaustive 

Functional 
Descriptive approaches: 

Technique name 
Papers for reference approaches: 

Technique name 
Papers for reference 

Eames BF et al. 2007 J Anat 

Alizarin red and 
Alcian blue clear staining 

O’Shaughnessy KL et al. 2015 Nat Commun 

Onimaru K et al 2015 eLife 

Cooper RL et al. 2017 Evol Dev 

Beads implantations O’Shaughnessy KL et al. 2015 Nat Commun 

Gillis JA et al. 2017 PNAS 

Cryostat sections 
Cryo-scanning electron 

Sauka-Spengler T et al. 2001 Dev Genes 

EvolDean MN et al., 2008 Micro Today 
BrdU injection 

Vandenplas S et al. 2016 Dev Biol Lagadec 

R et al. 2018 Sci Rep 

microscopy 

Parton A et al., 2007 Comp Biochem Physiol 

Electron microscopy (with Compagnucci C et al., 2013 Dev Biol Cell lines C Toxicol Pharmacol 

sample coating) Hwang J-H et al., 2008 Comp Biochem 

Physiol C Toxicol Pharmacol 

In situ hybridization on O’Neill P et al., 2007 Dev Biol Jung H et al., DiI Injection or  Godard BG et al. 2014 Biol Open illis JA et 

sections 2018 Cell DiI Cell labelling al. 2017 PNAS 

Large-scale scan with 
high-resolution X-ray 

Coates MI et al., 2018 Proc Royal Soc B EdU injection Gillis JA et al., 2016 Dev 

computed tomography 

Micro-computerised Dean MN et al. 2009 J Anat Rasch LJ et al., 2016 Embryo cultures Onimaru K et al. 2015 eLife 

tomography (MicroCT) Dev Bio Cooper RL et al., 2017 Evol Dev Onimaru K et al 2018. Dev Dyn 

Shark MRI 
3D Shark T1-Weighted MRI (Biomedical 

Research Imaging Center of the UNC 

Extracellular 
recordings 

Jung H et al., 2018 Cell 

school of Medicine) of the spinal cord 

Godard BG et al. 2014 Biol Open [1] 

Paraffin embedding and Lagadec R et al. 2015 Nat Commun [1] 

sectioning for 
immunochemistry, 

Lagadec R et al., 2015 Nat Commun 
In ovo / Ex ovo 
drug treatment 

Onimaru K et al., 2015 eLife [2] 

O’Shaughnessy KL et al., 2015 Nat Commun [3] 

histological coloration, Gillis JA et al., 2016 Dev [4] 

in situ hybridization Cooper RL et al., 2017 Evol Dev [5]  Jung H 

et al., 2018 Cell [6] 

Retrograde labelling Jung H et al., 2018 Cell TUNEL assays 
Debiais-Thibaud M et al., 2015 BMC Evol 
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Vibratome sections Jung H et al., 2018 Cell 
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 Sauka-Spengler T et al. 2003 Dev Biol 

[1] Nodal inhibitor SB-505124 [2] Retinoic acid [3] Cyclopamine; 11-KT, SHH-N protein and flutamide [4] Cyclopamine [5] FGF-receptor inhibitor 

SU5402 [6] Electroporation of hox expression constructs. 
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23.9 CHALLENGING QUESTIONS 

23.9.1	 ENDOGENOUS CHONDRICHTHYES MOLECULES 

FOR BIOMEDICAL APPLICATIONS 

23.9.1.1 	 Molecules Displaying Antibiotic Activity 
The well-known squalamine is a cationic steroid isolated 

from stomach extracts of the spiny dogfi sh Squalus acanth
ias. It has been demonstrated to display antibacterial activity 

against Gram-negative and Gram-positive bacteria (Moore et 

al. 1993). Interestingly, the same study reported that squala

mine induced osmotic lysis of Paramecium caudatum and had 

activity against Candida albicans, indicating that this shark 

molecule also holds antiprotozoal and fungicidal properties. 

As the research on squalamine progressed, it revealed that its 

chemical features extend beyond the antimicrobial fi eld. This 

aspect will be presented in the following paragraph. 

Microorganisms themselves can produce natural antimi

crobial agents, meaning that bacterial symbionts in general 

can constitute an additional “tissue” to look for putative antibi

otics. One specificity of Chondrichthyes is their considerable 

resistance to infection even when their skin is profoundly dam

aged due to events related to their lifestyle (mating, predation) 

or to anthropogenic activities. This observation strongly sug

gests that an innate immunity is operating through the mutu

alistic interactions taking place in the epidermal mucus layer 

between marine bacteria and shark epidermis. The most recent 

study that has investigated the property of these probiotic bac

teria is the one from Ritchie et al. (2017 ). They analyzed the 

entire bacterial community of the epidermal mucus of three 

ray species (two marine and one freshwater) and of the clear-

nose skate, Raja eglanteria. They clearly identifi ed particu

lar strains displaying broad-spectrum antibiotic activity and 

activity against important nosocomial bacteria (Vancomycin

resistant  Enterococcus [VRE] and Methicillin-resistant  S. 
aureus [MRSA]). It goes without saying that interdisciplinary 

research, in this case intermingling marine microbiology and 

organism biology, has always sharpened our understanding of 

immune defense mechanisms. These data on shark epidermis 

might help medical research in seeking new antimicrobial 

compounds but also, more generally, in focusing on the pres

ervation of symbiotic bacteria to prevent many types of human 

diseases and infections. As in Chondrichthyes, these bacteria 

play a fundamental role in our immunity. 

23.9.1.2	 The High Specifi city of 
Chondrichthyes Antibodies

 The Chondrichthyes adaptative immune system has many  

shared features with other gnathostomes (Flajnik 2018), except 

for their particular antibodies. These immunoglobulin (Ig)-like 

molecules, also called immunoglobulin new antigen receptors 

(IgNARs), are made of two heavy chains, lack light chains 

and bear a single variable region domain (V-NARs). In other 

words, they have one antigen recognition site instead of two, 

as is the case in the large majority of jawed vertebrate antibod

ies. Discovered in the 1990s (Greenberg et al. 1995;  Roux et 

al. 1998), IgNARs rapidly raised important interest in the area 

of drug development. Indeed, the particular folding properties 
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of V-NARs allow them to reach a large panel of protein sites, 

including hidden epitopes such as those found in the substrate 

pocket of enzymes that cannot be targeted by “classical” anti

bodies. Finally, V-NARs also present great solubility and sta

bility, and their small size is another advantage within the fi eld 

of antibody-based targeting strategy. Specific V-NARs from 

different elasmobranch species have already been developed to 

target viral proteins or toxins for medical applications such as 

anti-viral activity, immunodiagnostics or the development of 

biosensors. A list of these already-existing targeting V-NARs 

is available in the review from  Kovaleva et al. (2014). 

Within gnathostomes, camelids have also evolved such 

single-domain antibodies, from which the monomeric vari

able (V) antibody domain constitutes the VHH fragment. 

As they have been found only in sharks and camels so far, 

it is believed that these single-domain antibodies are the 

result of convergent evolution ( Flajnik 2018). Nanobody is 

the name commonly used to indicate camelid VHH and 

shark V-NAR fragments. The important contribution that 

nanobodies can bring to the treatment of viral diseases has 

been spotlighted very recently, in the midst of the COVID

19 pandemic.  Wrapp et al. (2020) managed to produce 

VHH fragments able to prevent the spike (S) glycoprotein 

of several coronavirus (SARS-CoV-1, SARS-CoV-2 and 

MERS-CoV) from interacting with their cellular receptors. 

23.9.1.3	 The Different Properties of Squalamine 
As mentioned, squalamine is a polyvalent molecule that also 

displays antiviral activity, an ability linked to its biochemical 

properties. The positive charge on account of the spermidine 

moiety of squalamine (Moore et al. 1993) provides it with high 

affinity for negatively charged phospholipids of the membrane 

lipid bilayer (Selinsky et al. 2000). As anionic phospholipids 

are important to regulate surface charge and protein localiza

tion (Yeung et al. 2008), the neutralization of negative charges 

by squalamine may lead to the disruption of electrostatic  

potential and shuffle membrane-anchored proteins. This has 

been demonstrated for Rac1, a GTPase used by many viruses 

during the process of cell entry, which might impact the viral 

replication cycle ( Zasloff et al. 2011). In the same study, they 

observed that a wide range of viral pathogens (such as those 

responsible for dengue, yellow fever, equine encephalitis and 

Hepatitis B) exhibit variable susceptibility to squalamine in 

both in vitro and  in vivo tests ( Zasloff et al. 2011). 

The ability of squalamine to interact with the negatively 

charged lipids of the cell membrane also represents the under

lying mechanism of α-synuclein aggregation impairment 

(Perni et al. 2017 ). These α-synuclein aggregates are part of 

pathogenesis hallmarks of several neurodegenerative disor

ders, and their destruction constitutes an important challenge 

to limiting toxicity within the brain parenchyma. Perni et al. 

(2017) also showed that squalamine exposure led to motility 

recovery in an animal model of Parkinson disease. 

Finally, squalamine has also been demonstrated to impede 

tumor-associated angiogenesis and the growth of several 

solid neoplasms (reviewed in Luer and Walsh 2018;  Márquez-

Garbán et al. 2019). The mechanism of the angiostatic prop

erty of squalamine is not fully understood but might rely on, 
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among other explanations, its ability to control endothelial 

cell shape/volume, as demonstrated by Sills et al. (1998) on 

embryonic vascular beds. More specifi cally, squalamine 

blocks the Na +/H+ exchanger (isoform NHE3) (Akhter et al. 

1999). Such inhibition of the sodium-hydrogen antiporter will 

result in the modification of the hydrogen efflux out of the 

cell, which can explain volume change of endothelial cells. 

23.9.1.4 	 Molecules Displaying Anti-Cancer Activity 
Lacking bone marrow, lymphatic system and nodes, elasmo

branchs have evolved two particular lymphomyeloïd struc

tures: the epigonal organ associated with the gonads and the 

Leydig organ located around the esophageal wall, as previ

ously mentioned (Honma et al. 1984). They are involved in 

the production of red blood cells and play an important role 

in immune system function. 

With the aim to better characterize cell function of these 

tissues, Walsh and Luer (2018) first showed that cells from 

the Leydig and epigonal organs display phagocytic and 

pinocytic activities (Luer and Walsh 2018). Next, looking 

for more specific bioactive compounds, they tested epigonal 

conditioned medium (prepared from adult bonnethead shark) 

and found that it was able to inhibit growth of several mam

malian tumor cell lines (Walsh et al. 2006). More specifi cally 

on Jurkat T-cell lines, this medium induced caspase-medi

ated apoptosis (Walsh et al. 2013), but the biochemical nature 

of this (or these) cell death inducer(s) released from shark  

epigonal conditioned medium still has/have to be discovered. 

As previously mentioned, blocking the neovascular

ization that accompanies tumor growth is another way to 

restrain malignancy progression. Besides squalamine, 

Neovastat (AE-941), a shark cartilage extract, has been 

shown to inhibit matrix metallopeptidase and VEGF activity 

(Falardeau et al. 2001;  Béliveau et al. 2002), which is consis

tent with antiangiogenic property. More specifi cally, Zheng 

et al. (2007 ) isolated from the cartilage of the blue shark 

Prionace glauca, a 15.5 kDa polypeptide (PG155) with the 

ability to reduce vessel formation in vertebrate embryos and 

tube formation of human umbilical vein endothelial cells 

(HUVECs). However, Neovastat hasn’t gotten beyond phase 

II of clinical trials so far (Kang et al. 2019 ), meaning that the 

use of shark cartilage in the treatment of human malignan

cies is still exploratory. 

23.9.2	 EVO-DEVO STUDIES IN THE SEARCH FOR THE 

ORIGIN OF SKELETON AND BRAIN ASYMMETRIES 

23.9.2.1	 Endoskeleton and Bone-Like 
Tissue in  Chondrichthyes 

Although skates, rays, sharks and chimeras are called car

tilaginous fish, they possess mineralized structures in their 

endoskeleton and dermoskeleton (or exoskeleton). Their 

embryonic endoskeleton is made of a gel-like structure 

produced by chondrocytes: the hyaline cartilage, a carti

laginous matrix classically stained and observable using 

Alcian blue pigments. As development progresses, cer

tain parts of the axial endoskeleton such as the vertebrae 

undergo mineralization, a process that can be visualized 

using Alizarin red staining. 

Truncal vertebrae in elasmobranchs are made of i) a cen

trum that surrounds the notochord and ii) a dorsal neural arch 

delimiting the neural canal that contains the spinal cord. Caudal 

vertebrae also have, ventral to the centrum, a hemal arch that 

surrounds arteries and veins. Both the centrum and the neu

ral arch of vertebrae of several elasmobranch species display 

Alcian blue staining at mid-embryogenesis, while Alizarin red 

coloration is observable in near-hatching embryos (Eames et al. 

2007,  Enault et al. 2015;  Atake et al. 2019), meaning that a min

eralization process is occurring on a cartilage-based matrix. 

However, in contrast to the mineralization mechanism  

occurring in the long bones of  Osteichthyes (the so-called 

endochondral ossification that also begins within cartilage 

but from the center to the periphery of the bone), the miner

alization in elasmobranch vertebrae starts on the periphery 

of both the neural arch and the centrum. Interestingly, the 

expression pattern of type I and type II collagen in these 

elasmobranch structures is similar to that accompanying the 

shift from cartilage to mineralized cartilage during endo

chondral ossification of tetrapod long bones. Type II colla

gen (cartilage specific) is observed within the cartilaginous 

center of the neural arch, while type I collagen stains the 

outer surface of the neural arch (Eames et al. 2007;  Enault et 

al. 2015). It is important, however, to outline that in several 

teleost species, some cartilages lack type II collagen expres

sion, and bones can exhibit important immunostaining 

against type II collagen (Benjamin and Ralphs 1991). This 

indicates that the use of type II collagen as a pure cartilage 

marker must be considered cautiously. 

Type X collagen is another collagen accompanying the 

process of endochondral ossification. Its expression was 

demonstrated in the mineralizing sites of catshark vertebrae 

but not in the type II collagen-expressing non-calcifi ed ele

ments (Debiais-Thibaud et al. 2019). 

Another biochemical feature of mineralization is the 

presence of alkaline phosphatase (AP) activity that can be 

observed when the inner cartilage of tetrapod long bones is 

converted into a mineralized matrix. Such AP activity can 

also be detected in the mineralizing neural arches of near-

hatching swell shark embryos (Eames et al. 2007). 

Finally,  Eames et al. (2007 ) described a specifi c cell 

population in the mineralizing sites of swell shark vertebrae 

that are morphologically different from chondrocytes, the 

rounded and well-separated cells embedded into the Alcian 

blue-positive matrix. These cells, located in the outer min

eralizing layer of the neural arches, were surrounded by an 

Alizarin red-positive matrix and displayed an elongated 

shape (Eames et al. 2007). Similar flattened cells have been 

observed at the mineralizing sites of vertebrae in skates 

(Atake et al. 2019). The nature of these cells has not been 

investigated yet. Expression of signaling molecules (such 

as Ihh and several Wnt ligands) and transcription factors 

(mainly Sp7/Osterix and Runx2) known to be involved in 

the osteogenic program (Hartmann 2006 ) would be inter

esting to explore within the mineralizing elements of elas

mobranchs. Such molecular studies would inform us about 
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the mechanism underlying the calcification process in the 

elasmobranch axial endoskeleton and to what extent this 

mechanism shares genetic features with the one controlling 

endochondral ossification of the long bones in  Osteichthyes. 
In the field of evo-devo, this last issue constitutes a fasci

nating question that can now be addressed, since functional 

experiments are possible (see Table 23.2) in several shark or 

skate species at different embryonic stages. 

23.9.2.2	 Exoskeleton (Teeth and Dermal 
Denticles) in  Chondrichthyes 

Teeth and dermal denticles (also named placoid or dermal 

scales) constitute the exoskeleton of  Chondrichthyes . These 

mineralized appendages/structures made of enamel and den

tine surrounding a pulp cavity are known under the general 

term of odontodes and can easily be observed in laboratories 

using Alizarin red staining. One important feature of elasmo

branchs is that they are polyphyodont, meaning their teeth are 

continually replaced. The lower and upper jaws are lined by 

an initial row of mature individual teeth that can display sev

eral shapes (for example: needle-like, triangular or fl attened). 

Posterior to this first line of teeth, multiple rows of develop

ing teeth are present, intended to replace those that fall out. 

Unlike teeth, dermal denticles do not continuously regener

ate throughout life. The dentition of holocephalans, the sister 

group of elasmobranchs, does not possess separate individual 

teeth but dental plates that grow continuously. 

As with many other vertebrate embryonic structures, the 

development of teeth and dermal denticles involves reciprocal 

inductive interactions between an epithelium and its underly

ing mesenchyme, which are engineered by a set of signaling 

molecules and transcription factors. Using catshark models 

(Scyliorhinus stellaris and S. canicula), several works have 

demonstrated the expression of  Shh, Wnt/β-catenin, BMP 
and FGF gene products in the developing dentition of these 

species, as reported in other bony vertebrates, which suggests 

that the dental gene regulatory network (GRN) is conserved 

within gnathostomes (Smith et al. 2009;  Debiais-Thibaud et 

al. 2015;  Martin et al. 2016;  Rasch et al. 2016 ). However, the 

enamel knot, a transient signaling center present in the grow

ing bud and controlling the morphogenesis of teeth cusps, 

seems to be missing in catshark teeth, indicating that the 

regulation point for cusp shape works differently in elasmo

branchs (Debiais-Thibaud et al. 2015;  Rasch et al. 2016 ). 

BrdU pulse-chase experiments performed in embryonic 

and juvenile catsharks revealed the presence of slow cycling 

cells within the dental lamina, an epithelial tissue that inter

acts with the underlying mesenchyme and goes with tooth 

development (Martin et al. 2016;  Vandenplas et al. 2016). 

These BrdU-positive cells that exhibit a low rate of mito

sis constitute a stem cell population that expresses the Sox2 

marker (Martin et al. 2016). 

Questioning the homology between teeth and dermal den

ticles,  Debiais-Thibaud et al. (2011) investigated the expres

sion of several  Dlx genes, a family of transcription factors 

involved in the early specification of dental epithelium and 
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mesenchyme, and found that catshark teeth and caudal pri

mary scales share common expression of Dlx1, Dlx3, Dlx4 
and  Dlx5 mRNAs. In addition, developing dermal scales in 

the catshark display the expression of signaling molecules 

such as BMP4, several FGFs and Shh (Debiais-Thibaud et 

al. 2015;  Martin et al. 2016;  Cooper et al. 2017). The con

servation of the expression of this gene set supports the 

hypothesis that the appearance of additional odontodes on 

body surfaces or within cavities might be the result of a het

erotopy, that is, of the dedicated gene regulatory network  

recruitment at this specific body part (Debiais-Thibaud et al. 

2011;  Martin et al. 2016 ). 

In amniotes, integumentary structures such as feathers, 

hair and scales that also derive from epithelial placodes  

require FGF signaling for their development. FGF ligands 

are not only expressed in the developing dermal denticles 

in catsharks.  In ovo injection of the FGF receptor inhibitor 

SU5402 leads to the perturbation of caudal dermal scale for

mation, indicating that this pathway is mandatory for their 

morphogenesis (Cooper et al. 2017). Such data also suggest 

that a common GRN might operate within the epithelial 

placodes of both amniote integumentary structures and elas

mobranch dermal scales (Cooper et al. 2017). 

Within the developing tooth or dermal denticle, enamel 

is produced by ameloblasts that differentiate from the epi

thelial compartment of the bud, while dentine is secreted 

by odontoblasts deriving from the mesenchymal compart

ment.  Gillis et al. (2017 ) demonstrated that odontoblasts of 

the trunk denticles in the little skate (Leucoraja erinacea) 

are derived from trunk neural crest cells. This study con

stitutes one of the examples of successful cell-lineage trac

ing experiments in  Chondrichthyes embryos (by means of 

DiI microinjection and staining). This work also shows that 

neural crest cells from the trunk can be skeletogenic, which 

is different from what has been reported in teleosts (Gillis 

et al. 2017 ). 

An exhaustive discussion about the origin of teeth in ver

tebrates and their evolutionary relationship with odontodes 

in extinct or living species can be found in the recent review 

from  Donoghue and Rücklin (2016 ). 

23.9.2.3	 Evolution of Brain Asymmetries 
in Vertebrates 

The position of Chondrichthyes as the sister group of all 

bony vertebrates (Osteichthyes,  Figure 23.1 ) undoubtedly 

makes cartilaginous fish species valuable to study the evolu

tion of a biological structure or process. A recent example 

is the mechanism underlying asymmetry of the epithala

mus, whose evolutionary history in gnathostomes has been 

brought to light thanks to an elasmobranch model. 

The epithalamus arises from the dorsal part of the dien

cephalon and is composed of two habenular nuclei and a 

pineal complex (pineal and parapineal glands). In a great 

majority of vertebrate species, the habenular nuclei display 

left/right (L/R) asymmetries in size, neurotransmitter and 

developmental gene expression and in neuronal organiza

tion (Concha and Wilson 2001). In addition, while the pineal 
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gland, involved in melatonin secretion, is generally located 

on the midline, the parapineal gland is found to be con

nected to the left habenulae and, in rare cases, to the right 

one ( Boutet 2017). Finally, during zebrafi sh embryogenesis, 

the dorsal diencephalon displays a left-sided activity of the 

Nodal pathway known to be involved in L/R asymmetry of 

internal organs (Signore et al. 2009).

 In zebrafish, the connection of the parapineal gland to the 

left habenula is important, as its experimental removal restores 

the symmetry of the two habenulae. In contrast, Nodal abroga

tion leads to randomized connection of the parapineal gland: it 

is either associated with the left habenula (50% of the time) or 

the right (50%). In other terms, asymmetry is still present, but 

laterality is lost (Signore et al. 2009). 

The absence of data concerning Nodal expression out

side the  Osteichthyes group and the fact that the left-sided 

expression of Nodal in the diencephalon had been reported 

only in teleosts led to the hypothesis that L/R laterality of 

the epithalamus might have been stochastic at the base of the 

vertebrate lineage. Experiments performed with the catshark 

indicated, however, that Nodal is asymmetrically expressed 

in the dorsal diencephalon as in zebrafish and that it con

trols habenular asymmetries, including neurogenic asym

metry (Lagadec et al. 2015;  Lagadec et al. 2018). Similar 

results are obtained using lamprey embryos (cyclostome/ 

agnatha;  Lagadec et al. 2015). These findings obtained from 

jawless vertebrates and from Chondrichthyes demonstrate 

that epithalamic asymmetry was not random in the last 

common ancestor of vertebrates and that diencephalic left-

sided Nodal expression was already present in this ances

tor.  Chondrichthyes, and also cyclostomes, thus allowed to 

understand the evolution of the mechanisms driving this 

particular brain asymmetry (Boutet 2017). 

Note that evolutionary scenarios dealing with brain 

asymmetry or other processes are never set in stone and can 

be redrafted later on in light of data collected from addi

tional species. This last point highlights the importance for 

experimental biology to diversify its models as much as pos

sible. Much more than bringing complexity, embryonic and 

molecular results raised from a wide range of models, scat

tered over several taxa, contribute to broadening our view 

related to evolutionary mechanisms. Data obtained from 

fossil records are also very useful in such a kind of study. 

23.9.3	 THE ELASMOBRANCH PROPERTIES 

OF KIDNEY REGENERATION 

As previously mentioned, elasmobranch fish have been 

found to possess a regenerative kidney. In 2003, Elger et 

al. described a nephrogenic zone in the adult kidneys of 

the little skate,  Leucoraja erinacea. This nephrogenic zone 

represents a niche within the kidney where stem cell-like 

cells could reside. The tissue responds to partial reduction 

of renal mass with the formation of new nephrons. The 

morphogenic process of neonephrogenesis appears to be an 

important mechanism for renal growth, as well as for repair 

of injured kidneys. Renal hypertrophy (a common response 

to renal mass reduction in humans) contributed only slightly 

to the reconstitution of the little skate renal mass follow

ing the renal reduction experiment (Elger et al. 2003). The 

morphological analyses demonstrated that a zone of embry

onic renal tissue persists in adult skates (Elger et al. 2003). 

S. canicula, S. acanthias and  L. erinacea have been pow

erful models for the description of kidney morphogenesis, 

and multiple studies have detailed renal morphogenesis and 

architecture using sections (Hentschel 1987;  Hentschel 1991; 

Elger et al. 2003;  Cutler et al. 2012). This neonephrogenetic 

ability found in Chondrichthyes is a valuable framework 

which warrants studies on stem cell homeostasis during 

nephron ontogeny or repair. 

As a conclusion, it appears that  Chondrichthyes have 

accompanied experimental biology for a long time. The 

place they occupy in the vertebrate phylogenetic tree and 

their particular physiological and biological properties, such 

as the possibility to regenerate the adult kidney, to replace 

teeth continually or the unique structure of their antibodies 

make cartilaginous fish metazoans of great interest. 

Human impact on Earth’s ecosystems remains, how

ever, overwhelming and a great threat to hundreds of 

Chondrichthyes species. Conservation status has to be taken 

into account when choosing a model for experimental stud

ies if we want cartilaginous fish to continue to reveal new 

secrets for the next decades and beyond. 
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