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Abstract  

The cranial neural crest (CNC) arises within the developing central nervous system, but then 

migrates away from the neural tube in three consecutive streams termed mandibular, hyoid and 

branchial, respectively, according to the order along the anteroposterior axis. While the process 

of neural crest emigration generally follows a conserved anterior to posterior sequence across 

vertebrates, we find that ray-finned fishes (bichir, sterlet, gar, and pike) exhibit several 

heterochronies in the timing and order of CNC emergence that influences their subsequent 

migratory patterns. First, emigration of the cranial neural crest in these fishes occurs 

prematurely compared to other vertebrates, already initiating during early neurulation and well 

before neural tube closure. Second, delamination of the hyoid stream occurs prior to the more 

anterior mandibular stream; this is associated with early morphogenesis of key hyoid structures 

like external gills (bichir), a large opercular flap (gar) or first forming cartilage (pike). In sterlet, 

the hyoid and branchial CNC cells form a single hyobranchial sheet, which later segregates in 

concert with second pharyngeal pouch morphogenesis. Taken together, the results show that 

despite generally conserved migratory patterns, heterochronic alterations in the timing of 

emigration and pattern of migration of CNC cells accompanies morphological diversity of ray-

finned fishes. 

Keywords: neural crest, vertebrates, craniofacial, evolution, neurulation 
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Introduction 

Evolution of vertebrates is intimately connected with the advent of the neural crest (Gans and 

Northcutt, 1983; Northcutt and Gans, 1983; Northcutt, 2005; Green et al., 2015). This embryonic 

cell population arises within the forming neural tube but then migrates into the periphery to 

contribute to a remarkable range of structures and cell types such as odontoblasts, facial bone 

and cartilage, pigment cells, glial cells of the peripheral nervous system, components of heart, 

etc. (Bronner and Le Douarin, 2012; Simoes-Costa and Bronner, 2015; Hall, 2009; Le Douarin 

and Dupin, 2014). Given its contribution to a plethora of cell types, acquisition of this vertebrate-

specific cell types was a key milestone in the evolutionary success of vertebrates on Earth 

(Gans and Northcutt, 1983; Forey and Janvier, 1994; Donoghue and Keating, 2014; Square et 

al., 2017). 

The vertebrate neural crest is characterized by three key features: (i) multipotency, (ii) 

origin from the neural plate border, and (iii) ability to migrate long-distance in a directed fashion 

to diverse locations throughout the embryo (Theveneau and Mayor, 2012; Meulemans 

Medeiros, 2013; Green et al., 2015). Induction of the neural crest initiates already during 

gastrulation (Basch et al., 2006; Patthey et al., 2008; Betters et al., 2018). Following neurulation, 

individual neural crest (NC) cells begin to emigrate from the neural tube via an epithelial to 

mesenchymal transition controlled by interactions between transcriptional regulators, receptors, 

and signaling molecules (Sauka-Spengler and Bronner-Fraser, 2008; Simoes-Costa et al., 

2014; Hockman et al., 2019). While NC cells arise all along the anteroposterior axis of the 

embryo, they follow different migratory pathways and form different derivatives depending upon 

their axial level of origin (Kuo and Erickson, 2010; Simoes-Costa and Bronner, 2013; Simoes-

Costa and Bronner, 2015; Gouignard et al., 2018; Rothstein et al., 2018). 

The most anterior and diverse neural crest population is the cranial neural crest (CNC), 

which migrates in three wide streams called the mandibular, hyoid and branchial, each 
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separated by neural crest-free zones adjacent to rhombomere 3 and 5 (Kulesa et al., 2010; 

Theveneau and Mayor, 2012; Szabó and Mayor, 2018). This migratory pattern of CNC cells 

appears to be mostly conserved across all vertebrates (Falck et al., 2002; Minoux and Rijli, 

2010; Theveneau and Mayor, 2012; Rocha et al., 2019).  

During migration, CNC cells interact not only with each other within individual streams 

but also with surrounding tissues (Carmona-Fontaine et al., 2008; Kulesa et al., 2010; Szabó 

and Mayor, 2018). One key interacting tissue is the head endoderm of the pharyngeal pouches 

(Graham, 2008; Grevellec and Tucker, 2010). In the final phase of migration, the endoderm 

influences CNC differentiation into cartilage precursors (Piotrowski and Nüsslein-Volhard, 2000; 

David et al., 2002; Crump et al., 2004). Thus, modulations of the head endoderm, and 

heterochronic and heterotopic alterations of CNC migratory patterns might represent a key 

source of craniofacial diversity in vertebrates (Schneider, 2018). 

To better understand the diversity in patterns of CNC migration, it is essential to 

compare diverse species. To this end, here we investigate CNC cells in representatives of each 

phylogenetic lineage of non-teleost ray-finned fishes: bichir, sterlet, and gar (Betancur-R et al., 

2017; Hughes et al., 2018; Kunz et al., 2009). All these species reflect evolutionarily informative 

lineages of ray-finned fishes. These species were chosen because they possess characteristics 

that either resemble lungfishes, amphibians or are transitional between amphibian-like and 

teleost-like (Cooper and Virta, 2007; Soukup et al., 2013; Minarik et al., 2017; Stundl et al., 

2019). For comparison, we also investigate CNC cells of the northern pike as a representative 

of teleosts. Close examination of early CNC development in these species holds the promise of 

shedding light on craniofacial evolution of vertebrates, since all these ray-finned fishes possess 

distinct craniofacial characteristics, such as a massive exoskeleton in bichir, a distinct rostrum in 

sterlet, and significantly elongated jaws in gar and pike. The results reveal surprising alterations 

in CNC migration in all species and demonstrate that the migratory patterns of CNC cells are 
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not as stereotypic as generally assumed. This highlights the plasticity of CNC, which apparently 

contributes to remarkable craniofacial diversity across vertebrates.  

 

Materials and methods 

Fish embryo collections and histology 

This study was performed by analysis of detailed developmental series of the Senegal bichir 

(Polypterus senegalus Cuvier, 1829), the sterlet sturgeon (Acipenser ruthenus Linnaeus, 1758), 

the tropical gar (Atractosteus tropicus T. N. Gill, 1863) and the northern pike (Esox lucius 

Linnaeus, 1758). Husbandry and collection of embryos were performed as previously described 

(Minarik et al., 2017; Pospisilova et al., 2019), with embryos being staged as previously 

described (Dettlaff et al., 1993; Long and Ballard, 2001; Diedhiou and Bartsch, 2009; 

Pospisilova et al., 2019), fixed in 4% paraformaldehyde (PFA) in 0.1 M PBS at 4°C overnight, 

and dehydrated in 100% methanol for storage at -20°C. This study was conducted by following 

institutional guidelines for the use of embryonic material and international animal welfare 

guidelines (Directive 2010/63/EU) in the animal facility of the Department of Zoology, Charles 

University in Prague. As the use of standard staging tables is unsuitable for direct interspecies 

comparison, we instead utilize four developmental stages: specification, emigration, early and 

late migration (Fig. 3-6). To this end, we first analyzed each described developmental stage 

relevant to the neural crest migration (from late gastrula until pharyngula stage) and based on 

the obtained data we designated individual stages as follows: specification – first detected 

expression of neural crest markers; emigration - the developmental stage when one of the 

neural crest streams begins emigration from the prospective neural tube; early migration - post-

neurula stage or early pharyngula stage containing migratory CNC cells; late migration - 

pharyngula stage with fully developed pharyngeal pouches. 
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Embryos for histological analyses were embedded in JB4 resin (Polysciences) according 

to the manufacturer's instructions, sectioned on RM2155 microtome (Leica, Germany) to 4 µm-

thick sections, stained with Azure B-Eosin (SERVA), mounted in DePeX (SERVA), and 

photographed using microscope BX51 (Olympus, Japan). Cartilage staining was performed with 

Alcian Blue as described previously (Taylor and Van Dyke, 1985), and photographed using a 

dissection microscope SZX12 (Olympus, Japan). 

 

Scanning electron microscopy and micro-CT imaging and analysis 

Specimens for scanning electron microscopy (SEM) and micro-CT were fixed in 4% PFA in 0.1 

M PBS and transferred into modified Karnovsky fixative (Mitgutsch et al., 2008) at least 

overnight. Samples for SEM were washed in PBS, dehydrated through a graded series of 

ethanol, transferred into dehydrating capsules with 30µm pores (SPI Supplies, Germany), and 

dried in a critical point dryer CPD 030 (BAL-TEC, Liechtenstein). Dried samples were mounted 

on a steel disc covered by Tempfix resin (SPI Supplies, Germany), and coated with gold in SCD 

050 sputter coater (BAL-TEC, Liechtenstein). SEM images were obtained using a JSM-6380LV 

scanning electron microscope (JEOL, Japan). Specimens for micro-CT visualization were 

prepared as described previously (Metscher, 2009; Minarik et al., 2017) and scanned with a 

MicroXCT-200 (Zeiss/Xradia, Germany) at the Department of Theoretical Biology, University of 

Vienna and with a SkyScan 1172 (Bruker, USA) at the Paleontological Department of the 

National Museum, Prague. Tomographic sections were reconstructed in XMReconstructor 

(Zeiss/Xradia, Germany), and final visualizations were accomplished in AMIRA 6.0.1 (Thermo 

Fisher Scientific, USA). The original microCT scans were uploaded to the Morphobank 

(http://morphobank.org/permalink/?P3784). 
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Probes synthesis and in situ hybridization  

Primers for PCR amplification were designed based on sequences from de novo assembled 

transcriptomes of non-teleost fishes and on predicted gene sequences in the northern pike 

genome assembly (Rondeau et al., 2014). Probe templates were isolated by direct amplification 

from cDNA libraries using specific primers (Table 1), cloned into pGEM-T Easy Vector 

(Promega), and sequenced. 

 

Table 1.  List of primer sequences used for probe synthesis. 

Gene Forward primer  Reverse primer  

Hand2_At 5'-ATHAGCCAYCCAGAGATGTC-3' 5'- TTTGAATTCCGCTTTGAAGG -3' 

Hand2_El 5'- CTTACCTYATGGACATTCTG -3' 5'- CAAATATCCAMTSTCCGTAG -3' 

Hand2_Ps 5'- CAGGACTCAGAGCATCAACAG -3' 5'- CTTTRGTTTTGTCRTTGCTGC -3' 

FoxD3_Ar 5'- GAYGTGGAYATCGAYGTGGT -3' 5'- CTSARRAARCTVCCGTTGTC -3' 

FoxD3_At 5'- ARYAAGCCHAAAAACAGCCT -3' 5'- TCGAACATRTCTTCDGACTG -3' 

FoxD3_El 5'- GAYGTGGAYATCCGAYGTGGT -3' 5'- CTSARRAARCTVCCGTTGTC -3' 

Hoxa2_Ps 5'- CTGTCGGTGATDCATTTCAAAG -3' 5'- ARCTYTGGGAHTCDCYATTG -3' 

Krox20_Ar 5'- CAGACTTTCACCTACATGGG -3' 5'- ATRTGBGTGGTRAGGTGGTC -3' 

Krox20_At 5'- CAGACTTTCACCTACATGGG -3' 5'- ATRTGBGTGGTRAGGTGGTC -3' 

Krox20_El 5'- TTTCCCATCATCCCGGACTA -3' 5'- ATGTGTCTGGTTAGCTCGTC -3' 

Krox20_Ps 5'- ATGGTCAATGTGGATATGAG -3' 5'- AGGGCATGGAAAGGGCTTGC -3' 

Snail1/2_Ps 5'- TACAGCGAACTGGAAAGCCA -3' 5'- GAGCGGATGTGCATYTTCAG -3' 

Sox9_Ar 5'- GGCAGAACGAAGCTGAAGAC -3' 5'- CATACTGGGAGCGTGTGATG -3' 

Sox9_At 5'- CCAGTACCCTCACCTTCACA -3' 5'- ATGACATCGCTGCTCAGCTC -3' 
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Sox9_El 5'- TTCAAGCTTTTCCACGTGCG -3' 5'- ATCGTAGCCCTTCAGGACCT -3' 

Sox9_Ps 5'- CTCMGCTGCTCCGTYTTDATSTG -

3' 

5'-TGGWSYYTGGTGCCBATGCCNGT -

3' 

Sox10_Ar 5'- GAKTACAAGTACCAGCCCNCG -3' 5'- GGNAGGTACTGGTCRAAYTC -3' 

Sox10_At 5'- CTGTGGAGGCTTCTGAACGGA -3' 5'- GTGCAKGCTCTTGTAGTGCG -3' 

Sox10_El 5'- TACAAGTACCAGCCACGYMG -3' 5'- GGNAGGTACTGGTCRAAYTC -3' 

Twist1_Ar 5'- GAAAWGWTGCARGANGAATC -3' 5'- TGVGATGYRGACATGGCCA -3' 

 

Digoxygenin-labeled probes were prepared by standard protocols. Whole mount in situ 

hybridization was performed as described previously (Minarik et al., 2017). Selected embryos 

were washed in 0.1M PBS, transferred into the embedding medium (gelatin, albumin, and 

glutaraldehyde), and sectioned on VT1200S vibratome (Leica, Germany) at 50 µm-thickness. 

For better visualization of tissue context, the sections were counterstained with Fluoroshield 

with DAPI (Sigma), and photographed using a BX51 (Olympus, Japan) fluorescent microscope.  

 

Antibody staining and fate-mapping analysis 

Embryos for antibody staining were transferred from 100% methanol into Dent's fixative (80% 

methanol and 20% DMSO) for six hours, washed three times in PBST (0.1M PBS and 0.4% 

Triton X-100), and then incubated in Antibody diluent buffer (DAKO) for one hour. Subsequently, 

primary antibody was applied overnight at room temperature in a damp box. After incubation, 

the embryos were washed three times in PBST, transferred in Antibody diluent buffer, and 

incubated with the secondary antibody in a damp box at room temperature for 5-6 hours. After 

labeling, the specimens were washed in 0.1M PBS and transferred to clearing solution (benzyl 

alcohol/benzyl benzoate; 2:1). Neural crest cells were labeled with Sox9 antibody (AB5535; 
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Merck Millipore), and primary antibody was detected by Alexa Fluor 594 (Invitrogen, Thermo 

Fisher Scientific Inc.). For the fate-mapping analysis, individual embryos were decapsulated and 

mounted into a Petri dish with plasticine, which helped to orient the embryo before injection. 

CM-DiI cell tracking dye (Thermo Fisher Scientific Inc.) was prepared for injection as described 

(Minarik et al., 2017). CM-DiI was injected through the inner egg membrane into the region of 

prospective CNC. All injected embryos were allowed to develop until the desired stage when the 

embryos were euthanized with an overdose of MS-222 (Sigma) and fixed in 4% PFA in 0.1M 

PBS. For visualization of early neurula stages of pike, embryos were dechorionated and stained 

with DAPI. Images were taken using Lumar V.12 (Zeiss, Germany). 

 

Results  

Transitional patterns of neurulation  

The central nervous system of all vertebrates arises during neurulation which occurs by two 

distinct mechanisms depending on species: (i) invagination of the neural plate until the neural 

folds meet to form the neural tube (primary neurulation best studied in amniotes) or (ii) 

cavitation of the neural keel (best studied in teleosts) (Baker and Bronner-Fraser, 1997; Lowery 

and Sive, 2004; Harrington et al., 2009). We first analyzed the external morphology of cranial 

neurulation in individual non-teleost fish lineages. SEM images reveal variation in the 

mechanism of cranial neurulation across species examined here (Fig. 1). Bichir and sterlet 

embryos undergo primary neurulation with lateral regions of the neural plate forming neural 

folds, which then roll up and bend into a neural tube with a central lumen (Fig. 1A-H). 

Nevertheless, both species exhibit remarkable differences in neurulation. In bichir, the entire 

morphogenetic process occurs above the yolk ball (Fig. 1A-D). In contrast, in sterlet, formation 

of the neural tube takes place within the yolk ball (Fig. 1E-H), and the developing neural tube is 

Jo
urn

al 
Pre-

pro
of



not as elevated as in bichir (cf. Fig. 1D, H). Gar embryos undergo neurulation in a manner that 

is similar that described for teleosts including pike (Schmitz et al., 1993; Lowery and Sive, 2004; 

Pospisilova et al., 2019) with the neuroectoderm forming a solid neural keel that only later 

develops a central lumen of the neural tube by means of cavitation (Fig. 1I-L).  

Taken together, non-teleost fish embryos seem to manifest transitional patterns from 

primary neurulation to neurulation via cavitation, depending on the species. Interestingly, such 

transitional patterns are also apparent in gastrulation of non-teleost fishes (Takeuchi et al., 

2009). 

 

Accelerated emigration of cranial neural crest cells 

In vertebrates, CNC cells typically begin their migration around the time of or after neural tube 

closure (Tan and Morris-Kay, 1986; Noden, 1988; Horigome et al., 1999; Smith, 2001; Falck et 

al., 2002; Mitgutsch et al., 2008; Diaz et al., 2019). To characterize the onset of CNC cells 

emigration, we screened for spatiotemporal expression of Sox9, a member of the SoxE 

transcription factor family, which is expressed in premigratory and migratory neural crest cells 

and later is associated with chondrogenesis (Cheung and Briscoe, 2003; Mori-Akiyama et al., 

2003; Martik and Bronner, 2017). Embryos were examined at two stages: onset of migration 

and mid-migratory phase (Fig. 2).  

In all studied fish species, the first migrating CNC cells are already detectable during the 

first phase of neurulation. In bichir and sterlet, this occurs before neural tube closure, whereas 

in gar and pike before lumen formation (Fig. 2). In bichir, Sox9 expression is apparent in both 

the mandibular and hyoid regions, even when the neural tube is still widely open (Fig. 2A). 

However, histological sections reveal that there is a difference between the mandibular and 

hyoid regions (Fig. 2B-C'; Stundl et al., 2019); whereas Sox9 is detected in premigratory cells in 
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the mandibular region (Fig. 2B-B'), it is strongly expressed in already emigrating cells of the 

hyoid stream (Fig. 2C-C'). At a later stage, when the neural tube is still open, Sox9 transcripts 

are more abundant in the hyoid region than in the mandibular region (Fig. 2D), and the hyoid 

neural crest stream is predominant (Fig. 2D-F'). In sterlet, the mandibular region has strong 

Sox9 expression compared to the hyoid region (Fig. 2G). Transverse sections reveal Sox9 

transcripts in emigrating cells of the mandibular neural crest stream (Fig. 2H-H') and 

presumptive CNC cells of the hyoid stream (Fig. 2I-I'). At later stages of neurulation, Sox9 

transcripts are seen in migrating cells of the mandibular stream and in emigrating cells of the 

hyoid stream (Fig. 2J-L'). As neurulation begins in gar, Sox9 is detected only in presumptive 

CNC in the mandibular region (Fig. 2M-O'). Interestingly, at later stages, Sox9 expression is 

detected in the emigrating hyoid NC cells contrasting with the mandibular NC cells, which still 

reside within the neural plate border (Fig. 2P-R'). In pike, the first Sox9 transcripts are 

detectable concomitantly in mandibular and hyoid CNC, but the expression is again more 

intense in the hyoid region (Fig. 2S). Transverse sections at this early stage show Sox9 positive 

cells in the neuroepithelium of the neural plate border in the mandibular region, while sections of 

the hyoid region reveal strong expression in already migrating CNC cells (Fig. 2S-U'). At later 

stages of neurulation, CNC cells maintain strong Sox9 expression particularly in the hyoid 

stream (Fig. 2V-X').  

This comparative analysis of spatiotemporal Sox9 expression demonstrates that in 

bichir, gar, and pike, the hyoid CNC cells are uniquely accelerated in their migration compared 

to the mandibular CNC cells (cf. Fig. 2A-C'; P-R'; S-U'). In contrast, CNC cells in sterlet embryos 

follow the canonical sequential anteroposterior order in emigration (Fig. 2G-L'). 

 

Cranial neural crest cells patterning and migration 
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Having established patterns of premigratory and migratory neural crest cells, we sought to 

examine spatiotemporal changes in the expression of Sox9 and other neural crest genes at 

multiple stages. To this end, we identified four critical stages of neural crest development: (i) 

specification, (ii) emigration, (iii) early phase and (iv) late phase of migration (Fig. 3-6). We 

examined the expression of several neural crest specifier genes: Sox9, Sox10, FoxD3, Snail1/2 

and Twist1, together with Krox20, a marker for rhombomeres 3 (r3) and 5 (r5) which separates 

individual neural crest streams (Fig. 3-6) (Wilkinson et al., 1989; Nieto et al., 1995; Sauka-

Spengler and Bronner-Fraser, 2008; Simoes-Costa and Bronner, 2015; Martik and Bronner, 

2017). For better resolution, we also analyzed SOX9 protein expression in all examined 

species, from emigration through the late phase of migration (Fig. 7). 

In bichir, Sox9, and FoxD3 genes are the earliest neural crest specifier genes expressed 

in the presumptive mandibular and hyoid neural crest streams (Fig. 3I, Q) and their expressions 

persists through later stages (Fig. 3J-L, R). Although Sox9 expression overlaps with that of 

FoxD3 during early neurulation, the FoxD3 signal is weaker than Sox9 (cf. Fig. 3I-J and Fig. 3Q-

R). During the emigration phase, in the mandibular region, Sox9 expression resolves into two 

distinct stripes corresponding to the presumptive subpopulations of the mandibular stream (Fig. 

3J; Fig. 7A; Fig. S1). In more posterior regions of the developing head, Sox9 is strongly 

expressed in the migrating cells of the hyoid CNC and is first seen in cells of the branchial 

streams (Fig. 3J; Fig. 7A). During the migratory phase, Sox9 and Snail1/2 expressions are 

predominantly located in the hyoid region (Fig. 3K, P). SOX9 immunostaining yielded similar 

results (Fig. 7B). A few Snail1/2-positive and SOX9-positive migratory mandibular CNC cells 

were also observed in close contact with the pre-oral gut (Fig. 3P; Fig. 7C), which represents 

the rostral-most endodermal head domain (Minarik et al., 2017).  

In sterlet, we examined several neural crest genes such as Sox9, Sox10, FoxD3, and 

Twist1 (Fig. 4). At the early neurula stage, while Sox9 and FoxD3 transcripts are detected in 
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prospective mandibular and hyoid CNC cells, Sox10 is detected only in mandibular CNC cells, 

and Twist1 is not detected in CNC at this stage (Fig. 4I, M, Q, U). During emigration, 

Sox9/SOX9-positive and FoxD3-positive cells are observed in the emigrating CNC of the 

mandibular and hyoid streams (Fig. 4J, R; Fig. 7D), and expression can also be seen in newly 

emigrating branchial CNC posterior to r5 (cf. Fig. 4F and Fig. 4J, R). At this developmental 

stage, Sox10 and Twist1 transcripts are detectable only in the mandibular CNC (Fig. 4N, V). 

During early migration, mandibular CNC marked by Sox9, Sox10, FoxD3, Twist1 and also by 

SOX9 antibody comprises the vast majority of neural crest cells in the developing head (Fig. 4K, 

O, S, W; Fig. 7E). Interestingly, our data show that the hyoid and branchial neural crest migrate 

as a single sheet of cells from the level of hindbrain into the presumptive pharyngeal region, 

thus forming a common 'hyobranchial sheet' (Fig. 4O, K, S; Fig. S2). We also observed distinct 

stripes of Krox20 expression lateral to the neural tube at the level of r5, which co-localized with 

Twist1 (Fig. 4G, W), corresponding to the cells of the cardiac neural crest (Odelin et al., 2018). 

Next, we examined the later phase of CNC cell migration. While Sox9 and Twist1 are expressed 

in the majority of CNC cells, Sox10 and FoxD3 transcripts are found in cells of the hyoid and 

branchial neural crest streams and in a small number of mandibular CNC cells (Fig. 4L, P, T, X). 

In the mandibular region, Sox9 and Twist1 were expressed in two distinct subpopulations, the 

mandibular and maxillary branches (Fig. 4L, X; Cerny et al., 2004). Furthermore, our data show 

that cells of the mandibular neural crest stream migrate around the pre-oral gut, similar to that 

observed in bichir embryos (cf. Fig. 4K-L, O, W-X; Fig. 7F and Fig. 3P; Fig. 7C). At this stage, 

the hyobranchial sheet is completely divided into hyoid and branchial streams (cf. Fig. 4O, P 

and Fig. 7F).  

At the beginning of gar neurulation, neural crest specifiers are first seen in cells of the 

prospective mandibular neural crest stream (Fig. 5I, M, Q). While Sox9 is strongly expressed in 

CNC located in the dorsal and lateral part of the forming neural tube, FoxD3 and Sox10 are 
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expressed in cells lateral to the neural tube (Fig. 5I, M, Q). In slightly older embryos during 

emigration, CNC cells marked by Sox9/SOX9, FoxD3, and Sox10 can be seen in the 

mandibular and hyoid regions (Fig. 5J, N, R; Fig. 7G), but emerging CNC cells are detectable 

only in the hyoid region (see Fig. 2). During early migration, expression of Sox9 and Sox10 can 

be seen in freshly emigrating mandibular and migrating CNC cells (Fig. 5K, S). By 

immunostaining, we identified SOX9+ cells of the branchial neural crest stream (Fig. 7H). At late 

migration, Sox9 transcripts are detected throughout the otic vesicle (Fig. 5L), but the FoxD3 

signal is no longer detected at this stage (Fig. 5P). In gar, similar to sterlet embryos, Krox20 

expression is also detectable in cardiac neural crest cells (Fig. 5H). SOX9 immunostaining 

marks the whole CNC population at the late phase of migration, including two segregated 

branchial neural crest streams (Fig, 7I). Furthermore, Sox10 expression is maintained in 

migrating mandibular and hyoid CNC cells (Fig. 5T). As in bichir and sterlet embryos, we also 

observed a similar migratory pattern of mandibular CNC cells migrating in close contact with the 

pre-oral gut in gar embryos (Fig. 5T; Fig. 7H, I) 

Next, we characterized the expression of neural crest markers across developmental 

time-course in pike (Fig. 6A-D). During the specification stage, mandibular and hyoid CNC cells 

are marked by Sox9 expression (Fig. 6I). A small number of Sox9-positive cells are located 

lateral to the forming neural tube, while a large number of Sox9/SOX9-positive cells are found in 

the dorsal neural tube spreading more into the hyoid region (Fig. 6I; Fig. 7J). At later 

developmental stages, Sox9/SOX9-positive cells are maintained in migratory mandibular and 

hyoid CNC cells and are detected for the first time in branchial neural crest (Fig. 6J; Fig. 7K). 

We also observed an overlap between Sox10 and FoxD3 expressions in CNC cells in the dorsal 

aspect of the neural tube (Fig. 6M, P). At the migratory phase, Sox9, FoxD3, and Sox10 

expression mark the maxillo-mandibular and preoptic subpopulation of the mandibular neural 
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crest (Fig. 6K-L, N-O, Q-R). At this stage, distinct hyoid and branchial neural crest streams can 

be resolved (Fig. 6K-L, N-O, Q-R; Fig. 7L).  

 

Accelerated hyoid neural crest stream is associated with different hyoid structures in different 

species 

Previous observations reveal remarkably accelerated development of the hyoid neural crest in 

bichir, gar, and pike embryos (Fig. 8A-D, F-I, K-N). We thus asked if the accelerated formation 

of the hyoid neural crest is correlated with advanced morphogenesis of species-specific hyoid 

structures. To examine this possibility, we utilized Hand2 expression, which marks the 

ventralmost CNC cells in the developing pharyngeal arches (Cerny et al., 2010; Compagnucci et 

al., 2013; Square et al., 2015) and thus reveals the first CNC cells populating the pharyngeal 

region. In bichir, the first Hand2-positive cells are observed in the developing hyoid external 

gills, which form prominent head larval structures (cf. Fig. 8D and Fig. 8E). Similarly, in gar 

embryos, Hand2 expression is first detectable in the hyoid region (Fig. 8I), correlating with the 

early appearance of the opercular flap (cf. Fig. 8I and Fig. 8J). In pike, the first expression of 

Hand2 can also be seen in the hyoid region (Fig. 8N); however, pike larvae do not develop any 

prominent hyoid structure similar to bichir and gar. We thus postulated that accelerated hyoid 

CNC development relates to precocious differentiation of neural crest-derived structures in pike 

larvae. Consistent with this, Alcian-blue staining revealed that the first detectable cartilaginous 

element in pike larvae is the hyosymplectic of the hyoid arch origin (Fig. 8O). Taken together, 

these data demonstrate that acceleration of the hyoid neural crest is associated with early 

formation of several key species-specific hyoid arch structures in bichir, gar, and pike embryos. 

 

Sterlet cranial neural crest cells constitute a single hyobranchial sheet 
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In sterlet, our data revealed the presence of a common hyobranchial sheet of CNC cells (Fig. 

4K, O, S; Fig. 7E and Fig. S2). In order to complement our gene expression data with 

experimental lineage analysis, we took advantage of the accessibility of sterlet embryos and 

directly tested the exit points and migratory patterns of CNC streams using direct cell labeling 

with a lipophilic dye. To this end, we microinjected CM-DiI (Fig. 9) into the dorsal midline of the 

neural folds at selected levels along the anteroposterior axis (Fig. 9A; mandibular: 10/10, hyoid: 

13/15). Sterlet embryos were then allowed to develop to stages when CNC cells begin to form 

migrating streams (Fig. 9A, E, I). We first performed focal microinjection of CM-DiI into the 

prospective mandibular CNC anterior to rhombomere 3 (cf. Fig. 9B and Fig. 4F); the results 

confirmed the migratory pattern we previously inferred using neural crest markers (cf. Fig. 9C 

and Fig. 4; Fig. 7; Fig. S2). At later developmental stages, CM-DiI-positive cells are detected 

throughout the anterior head and in the presumptive jaws (Fig. 9D-E). Next, we tested whether 

the hyobranchial sheet emerges from a single exit point. We performed CM-DiI microinjection 

into the presumptive hyobranchial neural crest population at the dorsal midline of the neural fold 

(cf. Fig. 9A, F and Fig, 4F, J, R). Consistent with our previous gene expression analyses, the 

fate-mapping experiment corroborated the presence of a single hyobranchial sheet (Fig. 4K, O, 

S and Fig. 7E), with CM-DiI-positive cells later contributing to cells of both the hyoid and 

branchial streams (Fig. 9A, G-I). We next sought to determine the time point at which the 

hyobranchial sheet separates into the individual hyoid and branchial neural crest streams. 

Comparison of SOX9 antibody staining (Fig. 10A, D), micro-CT reconstruction of the 

endodermal epithelium (Fig. 10B, E) and transverse histological sections (Fig. 10C, F) reveals 

that the separation of the hyobranchial sheet is tightly associated developmentally with 

morphogenesis of the second (hyo-branchial) pharyngeal pouch (Fig. 10B-C, E-F).  

 

Discussion 
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In the present study, we analyzed the patterning and migration of cranial neural crest cells in the 

Senegal Bichir (Cladistia), the sterlet sturgeon (Chondrostei), the tropical gar (Holostei) and the 

northern pike (Teleostei). These species are representatives of all recent phylogenetic lineages 

of ray-finned fishes that together exemplify about half of extant vertebrates (Betancur-R et al., 

2017; Hughes et al., 2018). While patterns of CNC migration are often assumed to be highly 

stereotypic across vertebrates (Minoux and Rijli, 2010; Theveneau and Mayor, 2012; Falck et 

al., 2002), our study reveals significant modifications in the canonical pattern of migration in ray-

finned fishes (Fig. 11). This raises the interesting possibility that CNC migratory patterns may be 

much more variable than commonly assumed from studies of a small number of model 

organisms, further highlighting the importance of comparative analyses. 

 

Transitional patterns of neurulation 

Our examined fish species provide powerful model systems for the study of evolution of 

neurulation in vertebrates as these embryos utilize modes of neurulation ranging from primary 

neurulation to neurulation via cavitation (Fig. 1), consistent with an evolutionary transition in this 

critical developmental process. Our data reveal that bichir embryos undergo primary neurulation 

when the entire morphogenetic process occurs above the yolk ball, which is apparently similar 

to the neurulation of salamanders and some frogs (cf. Fig. 1A-D and Schreckenberg and 

Jacobson, 1975; Eagleson, 1996; Del Pino et al., 2004; Mitgutsch et al., 2009). Therefore, the 

presence of primary neurulation in bichir may reflect another character shared with lobe-finned 

fishes. As in bichir, sterlet embryos undergo primary neurulation via rolling up of the neural folds 

(cf. Fig. 1A-D and Fig. 1E-H). However, the entire morphogenetic process in sterlet takes place 

within the yolk ball, apparently similar to the neurulation of direct-developing frogs (Olsson et al., 

2002). In contrast, gar embryos undergo neurulation via formation of a neural keel, which is 

characteristic for all teleosts including pike (cf. Fig. 1I-L and Schmitz et al., 1993; Lowery and 
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Sive, 2004; Pospisilova et al., 2019; Rocha et al., 2019). We next asked when CNC cells begin 

their migration. Our spatiotemporal analysis of neural crest markers reveals that CNC cells of all 

examined fish species initiate emigration during early neurulation (cf. Fig. 1 and Fig. 2), similar 

to that described in frogs (Mitgutsch et al., 2008) and mammals (Tan and Moris-Kay, 1986; 

Smith, 2001) but contrasting with that of most vertebrates, which typically initiate migration after 

neural tube closure (Noden, 1988; Horigome et al., 1999; Falck et al., 2002; Diaz et al., 2019). 

Although neural crest development is tightly connected to morphogenesis of neurulation, our 

data suggest that the type of neurulation has little or no influence on CNC migratory patterns. 

 

Accelerated hyoid neural crest stream is associated with different hyoid structures in different 

species 

In all vertebrates, cranial neural crest cells migrate in three distinct streams, termed mandibular, 

hyoid and branchial, that emerge from consecutive positions along the anteroposterior axis 

(Minoux and Rijli, 2010; Theveneau and Mayor, 2012; Square et al., 2017). While this migratory 

pattern has been assumed to be stereotypic, our results clearly demonstrate heterochrony in the 

overall acceleration of the second, hyoid CNC stream. Specifically, in bichir, gar, and pike 

embryos, cells of the hyoid stream migrate before cells of the first, mandibular stream (Fig. 2A-

C, P-R, S-U). In vertebrates, the hyoid stream is usually smaller in size and range compared to 

the mandibular stream, which occupies the entire rostral head (Couly et al., 1993; Creuzet et al., 

2002; Santagati and Rijli, 2003; Piekarski et al., 2014). However, in bichir, our gene expression 

data suggest that the hyoid CNC constitutes the most prominent neural crest population in the 

developing head (Fig. 3J-K; Fig. 7A-C) and is the first to reach ventral-most positions in the 

developing pharyngeal region and the external gills, respectively (Fig. 8A-E). These data further 

corroborate our previous report (Stundl et al., 2019), showing that accelerated development of 

the entire hyoid arch segment also involves mesodermal and endodermal tissues, which 
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together promote advanced morphogenesis of the external gills, forming a crucial structure of 

bichir embryos and larvae (Kerr, 1907; Kerr, 1919).  

Like bichir, gar embryos exhibit prominent heterochrony in the hyoid stream (Fig. 2P-R). 

While the gar hyoid stream initiates migration first, it does not form the dominant stream. 

Nevertheless, hyoid CNC cells are the first to reach ventral positions in the developing 

oropharynx and in the prominent opercular flap, respectively (Fig. 8I). The accelerated hyoid 

stream thus seems to be developmentally associated with the morphogenesis of large opercular 

flap (Fig. 8J), which forms a key supplemental respiratory organ in gar larvae (Agassiz, 1878; 

Balfour and Parker, 1882). We next asked whether, in gar embryos, the development of 

endoderm and mesoderm is accelerated similar as previously observed in bichir (Stundl et al., 

2019). Interestingly, we found that the hyoid pharyngeal endoderm expands laterally, and later 

contributes to a massive opercular flap of gar embryos (Fig. S3; Minarik et al., 2017). Moreover, 

the hyoid mesoderm seems to be accelerated as well, as the hyomandibularis muscle is among 

the first cranial muscles forming in gar (Konstantidinis et al., 2015). Thus, in gar embryos similar 

to bichir, advanced development of the entire hyoid domain, comprising neural crest, 

mesoderm, and endoderm, is found to be the case. This apparently is associated with the 

morphogenesis of a large opercular flap constituting a key secondary breathing structure in gar 

(Fig. 8J). Interestingly, gar exhibits very similar embryogenesis to the bowfin, and both these 

representatives of the phylogenetic group Holostei also possess prominent opercular flap with 

probably the same key influence for their larvae (Dean, 1895; Ballard, 1986; Long and Ballard, 

2001; Jaroszewska and Dabrowski, 2009). We thus speculate that bowfin may have a similar 

accelerated hyoid neural crest stream serving the same function as in gar embryos. 

Pike belongs to teleost fishes that represent the vast majority of extant ray-finned fish 

species. Embryonic development of pike is very similar to other teleosts (Pospisilova et al., 

2019), including model organisms like zebrafish or medaka (Kimmel et al., 1995; Iwamatsu, 
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2004). Despite the high similarity of the early development of pike and other teleosts, our data 

show that the hyoid CNC stream in pike embryos initiates migration much earlier than the 

mandibular neural crest stream (Fig. 2S-U) and is the first stream to reach the ventral part of the 

oropharyngeal region as in bichir and gar (Fig. 8N). We speculate that this advanced 

development of the hyoid CNC may be associated with a unique early chondrogenesis of the 

hyosymplectic cartilage in pike (Fig. 8O; Pospisilova et al., 2019) which forms an essential 

component of jaw attachment in ray-finned fishes (Richter and Underwood, 2018). Only in the 

whiting (Merlangius merlangus Linnaeus, 1758) has a similar process of advanced 

chondrogenesis been described (de Beer, 1937). Furthermore, gar seems to exhibit the same 

pattern as well (data not shown). However, this sequence of chondrogenesis might be more 

common among ray-finned fishes since most studies do not provide enough details on early 

chondrogenesis (Vandewalle et al., 1999; Borisov et al., 2012). Given that acceleration of the 

hyoid CNC was observed in representatives of two of three phylogenetic lineages of non-teleost 

fishes as well as in a representative of teleosts, it is tempting to speculate that such 

heterochrony in the hyoid CNC represents an ancient common character for all ray-finned 

fishes. 

 

Sterlet cranial neural crest cells constitute a single hyobranchial sheet 

In contrast to bichir, gar and pike, the hyoid neural crest of sterlet is not accelerated but does 

display unique morphogenesis in which the hyoid and branchial CNC cells are fused into a 

single 'hyobranchial sheet' (Fig. 4K, O, S; Fig. 7E and Fig. S2). This subpopulation becomes 

separated into individual streams only later in concert with second pharyngeal pouch 

morphogenesis (Fig. 10A-F), similar to the segregation of other migratory neural crest streams 

(Grevellec and Tucker, 2010). Whereas in most vertebrates, the otic capsule physically 

separates the hyoid and branchial neural crest streams, the formation of the otic capsule seems 
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delayed in sterlet embryos (Fig. 10C, F). Therefore, the hyoid and branchial CNC of sterlet are 

initially unsegmented and migrate into the presumptive pharyngeal region in a sheet-like 

fashion, analogous to the common branchial stream of lamprey embryos (McCauley and 

Bronner-Fraser, 2003; Square et al., 2017). Possible evolutionary implications of this variation in 

the migratory pattern in sterlet are unclear, but it further supports the importance of pharyngeal 

endoderm morphogenesis for the segregation of CNC streams (Piotrowski and Nüsslein-

Volhard, 2000; McCauley and Bronner-Fraser, 2003; Cerny et al., 2004). 

 

Unique pattern of cranial neural crest migration among vertebrates 

While dogma has it that CNC migration patterns are highly conserved across vertebrates, our 

data show a clear departure from this concept. While there are clearly three topographically 

conserved streams among all vertebrates (Fig. 11; Falck et al., 2002; Cerny et al., 2004; Square 

et al., 2017), we show that there is heterochrony of the hyoid CNC stream associated with early 

morphogenesis of key hyoid structures like external gills (bichir), large opercular flap (gar), or 

first forming cartilage (pike) essential for the hyostylic jaw suspension. However, this hyoid 

heterochrony has not yet been observed in fish model organisms such as zebrafish or medaka 

(Schilling and Kimmel, 1994; Stewart et al., 2006; Nagao et al., 2018; Rocha et al., 2019). This 

raises the question of what represents the ancestral state: do the observed heterochronic 

alterations in CNC migratory patterns represent an ancestral state of ray-finned fish 

development? or even an ancestral state of gnathostome development? One possibility is that 

this heterochrony exists in model fish but has been missed due to their rapid development. For 

example, twist1a expression is present in the premigratory CNC cells at the 2-somite stage of 

zebrafish, and the locations of twist1a-positive cells may well correspond to the hyoid region 

(Yeo et al., 2009) or may represent a posterior part of the mandibular CNC stream. Given the 

accelerated hyoid CNC stream found in all fish species in the present study (except the sterlet) 
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and presumably in other teleost fishes, it seems likely that the heterochrony of hyoid CNC might 

represent an ancient plesiomorphic character of all ray-finned fishes (Fig. 11). Thus, the 

question is whether we can find similar heterochrony of the hyoid CNC associated with the 

development of specific hyoid structures in the other gnathostomes. Interestingly, the hyostylic 

jaw suspension is also characteristic for cartilaginous fishes. Based on published data, it 

appears that they do not possess heterochrony in hyoid CNC (Kuratani and Horigome, 2000; 

Compagnucci et al., 2013; Johanson et al., 2015; Gillis et al., 2017; Martik et al., 2019). 

However, this may be due to little-studied embryonic development of different groups of 

cartilaginous fishes and a lack of focus on the details of CNC migration. Nevertheless, it is 

possible to reveal the developmental potential of the hyoid domain for the morphogenesis of the 

respiratory structure in the chimera, where gill filaments and especially opercular flap form on 

the outside of the hyoid arch (Didier et al., 1998; Barske et al., 2020) and thus could perform the 

same function as the gar opercular flap. This hyoid opercular flap remains in early 

embryogenesis of amniotes (Richardson et al., 2012), suggesting that it was present in the 

common ancestor. It remains to be determined whether these hyoid structures are also 

developmentally associated with the modifications of the hyoid CNC. In contrast, in sterlet, we 

identified the hyoid and branchial CNC are initially unsegmented and constitute a single 

hyobranchial sheet which migrates in a sheet-like fashion. This appears to be analogous to the 

migration of a common branchial CNC stream of lamprey emerging from a broad domain from 

5th to 7th rhombomeres and part of the spinal cord (Kuratani et al., 1998; Square et al., 2017). 

These CNC sheets become segregated in concert with pharyngeal pouch morphogenesis in 

both sterlet and lamprey. The question arises as to whether a sister species of sturgeon, the 

paddlefish, has a similar pattern of CNC migration, which could indicate whether it is a common 

feature of Chondrosteans (Acipenseriformes) or not (Inoue et al., 2003; Near et al., 2012), but 

cannot be answered without a more in-depth analysis of CNC migration (Bemis and Grande, 

1992). Interestingly, a similar constitution unsegmented hyoid and branchial CNC streams can 
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be found in several species of frogs at early neurula stages (Olsson and Hanken, 1996; Del 

Pino and Medina, 1998; Mitgutsch et al., 2008; 2009) but the subsequent division of this CNC 

subpopulation does not appear to be influenced by the morphogenesis of hyo-branchial 

pharyngeal pouch as in sterlet. In the future work, it would be interesting to analyze receptor-

ligand pairs (e.g., eph/ephrins or neuropillins/semaphorins) which may be important for the 

separating neural crest streams, and the establishment of intervening "neural crest free" zones. 

 

Conclusions  

In conclusion, we have performed a comparative analysis of cranial neural crest migration and 

patterning in representatives of all phylogenetic lineages of ray-finned fishes (bichir - Cladistia, 

sterlet - Chondrostei, gar - Holostei, and pike - Teleosts) (Fig. 11). Embryos of ray-finned fishes 

reveal several important variations in the migratory pattern of CNC cells that previously were 

assumed to be highly stereotypic and conserved in vertebrates. Accelerated development of the 

hyoid stream of neural crest cells was identified in bichir, gar and pike embryos, always 

associated with prominent morphogenesis of important species-specific structures of the hyoid 

arch origin. A single hyobranchial sheet of CNC cells was identified in sterlet embryos, where 

separate hyoid and branchial streams form only later following prospective morphogenesis of 

the hyo-branchial pharyngeal pouch. Together, our results reveal unexpected variability in the 

timing and sequence of CNC emergence and subsequent migratory patterns in several ray-

finned species. Our findings thus suggest that vertebrate craniofacial diversity may be 

associated with heterochronic and heterotopic alterations in migratory patterns of CNC cells as 

a prime mode of producing varied craniofacial phenotypes. 
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Figures legends  

Fig. 1. Transitional patterns in neurulation of non-teleost fishes. (A-L) Whole mount dorsal view at 

neurulation in bichir (A-D), sterlet (E-H) and gar (I-L). es, embryonic shield; ez, evacuation zone; mes, 

mesencephalon; nf, neural fold; nk, neural keel; np, neural plate; pog, pre-oral gut; pron, pronephros; 

pros, prosencephalon; rhom, rhombencephalon; sgc, subgerminal cavity; ypl, yolk plug. 

 

Fig. 2. Accelerated emigration of CNC cells and heterochronic development of hyoid CNC cells. Sox9 

expression demonstrates that in bichir (A-C), gar (P-R), and pike (S-U), the hyoid CNC cells are uniquely 

accelerated in their migration compared to the mandibular CNC cells. (A, D, G, J, M, P, S, V) Cranial 

expression of Sox9 in CNC cells in bichir (A, D), sterlet (G, J), gar (M, P), and pike (S, V). White dotted 

lines indicate the section planes through the mandibular (B, E, H, K, N, Q, T, W) and hyoid domains (C, F, 

I, L, O, R, U, X), respectively. Identical sections stained with DAPI are marked by ('). White arrowheads 
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mark the leading edge of the CNC streams. nf, neural fold; ng, neural groove; nk, neural keel; np, neural 

plate; not, notochord; nt, neural tube. 

 

Fig. 3. Expression summary of neural crest markers in CNC cells of the Senegal Bichir from the 

specification through the late phase of migration. (A-D) SEM and micro-CT images showing dorsal (A-C) 

and lateral (D) views of CNC developmental stages. (E-H) Krox20 expression showing position of 

rhombomere 3 and 5. Dorsal (I-K, M-O, Q-S) and lateral (L, P, T) views of embryos after in situ 

hybridization for cranial neural crest-specific transcription factors across developmental time-course. 

White arrowheads mark the pre-oral gut. Asterisks mark exit points of mandibular substreams. B, 

branchial NC stream; exg, external gill; H, hyoid NC stream; Ma, mandibular NC stream; optv, optic 

vesicle; otv, otic vesicle; pp1, spiraculum; r3, rhombomere 3; r5, rhombomere 5.  

 

Fig. 4.  Expression summary of neural crest markers in CNC cells of the sterlet sturgeon from the 

specification through the late phase of migration. (A-D) SEM and micro-CT images showing dorsal views 

(A-D) of CNC developmental stages. (E-H) Krox20 expression showing position of rhombomere 3 and 5. 

(I-X) Dorsal views of embryos after in situ hybridization for cranial neural crest-specific transcription 

factors across developmental time-course. The morphology of the presented developmental stage 

precludes obtaining a clear lateral view. White arrowheads mark the pre-oral gut. B, branchial NC stream; 

H, hyoid NC stream; H/B, hyobranchial sheet; Ma, mandibular NC stream; md, mandibular substream of 

mandibular NC stream; mx, maxillary substream of mandibular NC stream; optv, optic vesicle; otv, otic 

vesicle; r3, rhombomere 3; r5, rhombomere 5.  

 

Fig. 5.  Expression summary of neural crest markers in CNC cells of the tropical gar from the specification 

through the late phase of migration. (A-D) Micro-CT images showing dorsal views (A-D) of CNC 

developmental stages. (E-H) Krox20 expression showing position of rhombomere 3 and 5. (I-T) Dorsal 

views of embryos after in situ hybridization for cranial neural crest-specific transcription factors across 
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developmental time-course. White arrowheads mark the pre-oral gut. B, branchial NC stream; H, hyoid 

NC stream; Ma, mandibular NC stream; r3, rhombomere 3; r5, rhombomere 5.  

 

Fig. 6.  Expression summary of neural crest markers in CNC cells of the northern pike from the 

specification through the late phase of migration. (A-D) DAPI staining showing dorsal views of CNC 

developmental stages. (E-H) Krox20 expression showing position of rhombomere 3 and 5. (I-R) Dorsal 

views of embryos after in situ hybridization for cranial neural crest-specific transcription factors across 

developmental time-course. B, branchial NC stream; H, hyoid NC stream; Ma, mandibular NC stream; 

mxd, maxilo-mandibular subpopulation of mandibular NC stream; optv, optic vesicle; prp, pre-optic 

subpopulation of mandibular NC stream; r3, rhombomere 3; r5, rhombomere 5; rhom, rhombencephalon.  

 

Fig. 7. Comparison of SOX9 protein expression in CNC cells from the emigration through the late phase 

of migration. Anti-SOX9 antibody visualizes individual neural crest cells of bichir (A-C), sterlet (D-F), gar 

(G-I), and pike (J-L). Dorsal (A, D-G, J) and lateral (B-C, H-I, K-L) views of cranial regions of examined 

embryos. White arrowheads mark the pre-oral gut and its derivatives. Asterisks mark exit points of 

mandibular substreams. B, branchial NC stream; e, eye primordium; H, hyoid NC stream; H/B, 

hyobranchial sheet; Ma, mandibular NC stream; optv, optic vesicle; otv, otic vesicle; pp1-2, pharyngeal 

pouch 1- 2; r3, rhombomere 3; r5, rhombomere 5; s0, somite 0. 

 

Fig. 8. Accelerated hyoid neural crest stream is associated with development of hyoid species-specific 

structures. Sox9 (A-C, F-G, K-M) and Sox10 (H) expressions in CNC cells reveal accelerated emigration 

of the hyoid NC stream in bichir (A), gar (F), and pike (K). Dorsal (A-B, F-G, K-L) and lateral (C, H, M) 

views of cranial region of examined embryos. (D, I, N) Hand2 expression reveals first CNC cells 

populating the pharyngeal region. Dorsal (D) and lateral (I, N) views of cranial region of examined 

embryos. (E, J, O) Accelerated development of the hyoid stream of NC cells is associated with 

morphogenesis of key hyoid structure like external gills of bichir (E), large opercular flap of gar (J), and 
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first forming cartilage in pike larvae (O). White arrowheads mark the pre-oral gut and its derivatives. B, 

branchial NC stream; e, eye primordium; exg, external gill; H, hyoid NC stream; hs, hyosymplectic; Ma, 

mandibular NC stream; op, opercular flap; otv, otic vesicle. 

 

Fig. 9. CM-DiI fate-mapping reveals contribution of hyobranchial sheet cells into hyoid and branchial 

streams in the sterlet sturgeon. (A) Scheme of CM-DiI microinjection into mandibular (Ma) and 

hyobranchial (H/B) CNC exit points and contribution of each CNC subpopulation into the developing 

head. (B, F) Dorsal views of embryos at the time of injection. (C-E) Mandibular and hyobranchial (G-I) 

neural crest fate mapping (CM-DiI magenta). Superimposed fluorescent and dark-field images at 

successive stages of development. (C, D, G, H) Dorsal and lateral (E, I) views, anterior to the left. White 

arrowheads mark the pre-oral gut and its derivatives. B, branchial NC stream; H, hyoid NC stream; H/B, 

hyobranchial sheet; Ma, mandibular NC stream; mx + md, maxillo-mandibular subpopulation of 

mandibular NC stream; optv, optic vesicle; otv, otic vesicle; p1-3, pharyngeal pouch 1-3; IV., fourth brain 

cavity. 

 

Fig. 10. The separation of a single hyobranchial sheet in the sterlet sturgeon is associated with the 

formation of a second pharyngeal pouch. (A, D) SOX9 protein expression in CNC cells of sterlet. Dashed 

lines indicate the plane of sections shown in panel C and F. (B, E) 3D reconstruction of pharyngeal 

endoderm (yellow). (C, F) Transverse section at the level of the hyobranchial sheet. Dotted lines mark the 

position of ectoderm (orange) and endoderm (yellow). White arrowheads mark the pre-oral gut. Asterisk 

marks a not well-developed second pharyngeal pouch. b, brain primordium; B, branchial NC stream; H, 

hyoid NC stream; H/B, hyobranchial sheet; Ma, mandibular NC stream; not, notochord; optv, optic vesicle; 

otv, vesicle; p1-2, pharyngeal pouch 1-2.  

 

Fig. 11. Ray-finned fishes reveal significant modification in the canonical pattern of CNC migration of 

vertebrates. A cartoon of CNC migration and patterning (red) in representatives of all phylogenetic 
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lineages of ray-finned fishes (bichir - Cladistia, sterlet - Chondrostei, gar - Holostei, and pike - Teleosts) 

(red star), in typical model systems of lobe-finned fishes (chick and xenopus) (blue star) and in shark and 

lamprey as outgroups. Notice that emigration of the hyoid CNC stream (H) is remarkably accelerated in 

bichir, gar and pike and further that sterlet CNC cells constitute a single hyobranchial sheet. The top two 

lines demonstrate the dorsal view and the bottom line the lateral view. The shades of red in the first two 

lines represent the individual mandibular (Ma; light red), hyoid (H; intermediate red), and branchial (B; 

dark red) NC streams. Yellow indicates the pharyngeal endoderm and its derivative, pre-oral gut (yellow-

grey stripes). Light and dark grey indicates optic and otic vesicles. The dotted square defines the 

examined fish species. The drawings are adapted from several published studies (Ballard et al., 1993; 

Kuratani and Horigome, 2000; Theveneau and Mayor, 2012; Martik et al., 2019) 

 

Fig. S1. Bichir mandibular CNC stream is separated into two substreams. (A-B) Sox9 expression in CNC 

cells of bichir. (A) Dorsal and lateral (B) views with indicated plane of transverse sections (dotted lines). 

(C-D) Transverse section at the level of individual mandibular substreams. Identical sections stained with 

DAPI are marked by ('). nf, neural fold; np, neural plate. 

 

Fig. S2. Identification of a single hyobranchial sheet of sterlet. (A-D) Developmental stage at which a 

single hyobranchial sheet can be identified and (E-G) developmental stage after its separation. (A, E) 

microCT visualization showing analyzed developmental stages. Cyan indicates position of otic vesicle 

and green shows location of otic vesicle. (B, F) Left part shows SOX9 protein expression (red) and the 

right part demonstrate Krox20 expression at the same level. (C, G) SOX9 protein expression in the 

embryo after in situ hybridization of Krox20 revealing position of r3 and r5. (D) ‘Double’ in situ 

hybridization of Sox9 and Krox20 shows locations of hyobranchial sheet in the context of r3 and r5. All 

images represent dorsal views. White arrowheads mark the pre-oral gut. B, branchial NC stream; H, hyoid 

NC stream; H/B, hyobranchial sheet; Ma, mandibular NC stream; optv, optic vesicle; otv, otic vesicle; r3, 

rhombomere 3; r5, rhombomere 5.  
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Fig. S3. Hyoid pharyngeal endoderm expands laterally and contributes to the formation of gar opercular 

flap. (A-D, F-I, K-N, P-S) 3D reconstruction of pharyngeal endoderm (yellow), optic vesicle (cyan) and otic 

vesicle (green). (A, F, K, P) Dorsal and (C, H, M, R) lateral views on volume rendering of the analyzed 

embryo. (B, G, L, Q) Dorsal and (D, I, N, S) lateral views on 3D rendered model of reconstructed areas. 

(E, J, O, T) Transverse section shows a lateral expansion of the hyoid pharyngeal endoderm (white 

arrow). White arrowheads mark the pre-oral gut and its derivatives. Black arrowheads mark the hyoid 

pharyngeal endoderm. op, opercular flap; optv, optic vesicle (cyan); ot, otic vesicle (green). 
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Highlights: 

• First comprehensive analysis of cranial neural crest migration in ray-finned fishes 
 

• Unique cranial neural crest migratory patterns among vertebrates  
 

• Heterochronies in neural crest migratory patterns influences craniofacial diversity 
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